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CHAPTER 1

INTRODUCTION

INTRODUCTION

The chief purpose of this project was to identify scenarios involving the use of

nuclear power systems in the vicinity of the Space Station Freedom (SSF) and quantify

their radiological impact on the SSF crew. Several of the scenarios developed relate to the

use of SSF as an evolutionary transport node for lunar and Mars missions. The use of

nuclear power on co-orbiting platforms and the storage and handling issues associated with

radioisotopic power systems were also explored as they relate to SSF.

In general, the analysis methods employed in this work are simplified and the results

are intended to aid mission planners and identify operational and design constraints on SSF

associated with the use of nuclear power sources. However, the analysis procedures

developed in this work can be extended to provide more rigorous results and this will be

pursued in a follow-on project.

RADIATION DOSE LIMITS

A central philosophy in these analyses was the utilization of a dose budget concept.

The radiation source terms and resulting dose from the natural space environment at SSF

were first analyzed and determined as discussed in Chapter 2. Guidelines provided by a

committee of the National Council on Radiation Protection and Measurements (NCRP)

were employed to set a limit on the total dose to the SSF crew from both the natural

radiation sources and nuclear systems. As described in Chapter 3, the difference between

the total dose limit and the dose from natural sources defines the dose budget for the SSF

crew. Given the radiation source terms associated with the nuclear power system in any

given scenario, the dose budget may then be employed to identify and quantify constraints

on the interaction of the system with SSF. Chapter 4 describes the radiation source terms

associated with the nuclear reactor systems examined in this work and Chapter 8 defines

those for the radioisotopic systems analyzed. This approach was found to be extremely

useful and its application to other mission classes, such as lunar and Mars bases, is highly

recommended.



SCENARIOS EXAMINED

The scenarios developed and examined in this work are believed to span the range of

likely interaction between nuclear power systems and SSF. The values for the design and

operational variables associated with these scenarios were selected based on consultation

with the project staff at the NASA Lewis Research Center. When possible, sensitivity

analyses were carded out to explore the effect of these variables on the radiological impacts

of the system under study.

One of the chief interactions between SSF crew and nuclear systems will be with

nuclear propulsion systems for lunar and Mars missions. Both nuclear thermal rockets

(NTRs) and nuclear electric propulsion (NEP) vehicles were studied. The NERVA reactor

was employed for the NTR missions and a scaled SP-100 class reactor was assumed for

the NEP missions. The launch and return of these craft are addressed in Chapters 5 and 6,

respectively. It was determined that reasonable separation distances between the vehicle

and SSF and, for the return scenarios, reactor shutdown times prior to approaching SSF,

would limit the dose to the SSF crew to acceptable limits. In fact, for the launch of Mars

vehicles, it is likely that these separation distances will be smaller than those required to

meet collision avoidance criteria.

As discussed in Chapter 7, operating reactors on co-orbiting platforms could also

interact with SSF. Such reactors might, for example, be employed for electrolysis of water

or for materials processing. As with the reactors on Mars vehicles, it was found that

reasonable separation distances between the vehicle and SSF could be defined in order to

limit the dose to the SSF crew. It was also determined that optimized platform construction

could drastically reduce these distances. In the case of an electrolysis platform, placing the

water tanks between the reactor and SSF would decrease the dose received by the SSF

crew substantially.

Lastly, as described in Chapter 8, the storage of radioisotopic power systems on SSF

was examined. Based on the results from this work, it appears that this would have very

little radiological impact on the SSF crew and the only minor constraints are necessary to

insure adequate radiation protection.



PORTABLE SHIELD CONCEPT

In all the scenarios examined, it appears that a portable shield located at SSF could

serve to reduce the dose received from the nuclear system under study (see Chapter 9).

Most nuclear systems that interact with SSF will not require a 4n man-rated shield to meet

the radiation protection requirements of their own mission. For instance, the propellant

tanks on the NTR Mars vehicle provide a large fraction of the crew shielding. Most of the

reactors only utilize shadow or disk shields for the protection of the personnel and/or

electronics associated with them. Thus, there may be little, if any, shielding between the

reactor and SSF crew. The operational constraints reported in this work were developed

under this assumption. Although these operational constraints are not unacceptable, if

shielding were available they could be relaxed. It would be redundant and prohibitively

expensive to place this additional shielding on each of the systems that will interact with

SSF. Rather, this additional shielding should be kept at SSF and utilized during periods of

interaction with nuclear systems. All the scenarios examined in this work would derive a

benefit from this approach.

Furthermore, there will be periods when there are not any nuclear systems in the

vicinity of SSF. During such periods of time, the portable shield could be placed around

the SSF crew habitat module(s) in order to reduce the dose from natural sources. This

would serve to increase the dose budget available for interaction with nuclear systems and

is consistent with the radiation protection philosophy called ALARA which emphasizes that

radiation exposures, regardless of their source, should be kept as low as reasonably

achievable.

The principal investigators for this project are currently carrying out scoping studies

of the portable shield concept with the support of NASA's Office of Exploration (OEXP).

It is recommended that these studies be extended in the near future to include complete

engineering analyses of the shield design and further definition of its role in reducing the

SSF crew doses from natural sources.
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CONCLUSIONS

Theresultsfrom this studyindicatethatrealisticscenariosdonot exist which would

preclude the use of nuclear power sources in the vicinity of SSF. The radiation dose to the

SSF crew can be maintained at safe levels solely by implementing proper and reasonable

operational procedures. These consist primarily of constraints on separation distances

between the radiation source and the SSF crew and on reactor shutdown times prior to the

approach of vehicles utilizing nuclear propulsion. These constraints are not severe and do

not significantly impair the functionality of an evolutionary space station. Furthermore, the

use of portable multi-functional radiation shields would both relax these constraints and

reduce the dose to the SSF crew from the natural space environment in accordance with the

ALARA radiation protection criteria

The dose budget concept employed in this work may be applied in the analysis of

nuclear systems for the lunar and Mars missions currently under consideration by NASA.

This approach was found to be extremely useful in this work and its application to other

mission classes is highly recommended.

Lastly, the analysis methods employed in this work are simplified and the results are

intended to aid mission planners and identify operational and design constraints on SSF

associated with the use of nuclear power sources. However, the analysis procedures

developed in this work can be extended to provide more rigorous results and this will be

pursued in a follow-on project.
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CHAPTER 2

NATURAL SOURCES OF RADIATION EXPOSURE

AT SPACE STATION FREEDOM

INTRODUCTION

Even without man-made radiation sources in the vicinity of Space Station Freedom,

radiation exposures are unavoidable due to the presence of natural space radiations. This

natural space environment will deliver an average _ radiation dose to SSF crew

members equal to what they would receive in Qne year from natural terrestrial sources other

that indoor radon (NCRP 1989). Fortunately, both natural sources of radiation deliver

annual doses below recommended limits designed to protect individuals from various

radiation health effects. Nevertheless, man-made radiation exposures in space must always

be placed in context with a non-trivial space radiation background.

SOURCES OF SPACE RADIATION

Natural space radiations can be conveniently placed into three categories according to

their source: (1) trapped particles, (2) galactic cosmic rays (GCR), and (3) solar particle

events (SPE) (NCRP 1989).

The trapped particles consist of both electrons and protons which are held within the

earth's magnetic field. Both particles spiral around the geomagnetic field lines, bouncing

between mirror points in the Northern and Southern hemispheres. Since they are of

opposite charge, the napped electrons drift eastward and the protons drift westward. The

trapped electrons are found in two partially distinct regions called the "inner zone" (<

11,500 km) and the "outer zone" (between 11,500 and 70,200 km). The electron

intensities in the outer zone axe ~10 times those in the inner zone. Both zones experience a

10-fold diurnal variation in intensity with a smaller variation corresponding to the 11-year

solar cycle. The trapped protons occupy a more limited volume of space and are more

dosimetrically important than the electrons for low earth-orbiting missions such as the

space station. The most intense region of trapped protons is found between Africa and

South America where the proton belt dips to lower altitudes. This region is called the

South Atlantic Anomaly (SAA) and is caused by a slight off-center displacement of the

earth's magnetic dipole.



Galacticcosmicraysaretypicallychargedparticleswhicharepresentisotropicallyin
spaceandarisefrom sourcesoutsideour solarsystem.Due to their interactionswith the

"solar wind", their intensity decreasesduring the activepart of the solar cycle (solar

maximum). Themaximumtotal particleflux of GCRat solarminimumis estimatedto be

about 4 cm-2 s-1. Their distribution within the energyrangeof greatestflux is 87%

protons, 12%helium ions, and 1% heavierions. This latter group hasbeengiven the

generictermHZE particles(High Z andEnergy).AlthoughHZE particlesarefoundin low

abundancewith respectto protonsandhelium ions,theyaremuchmoredenselyionizing
andthustheircontributionto thetotalGCRdosecanbesubstantial.

Solar particle eventsare largeemissionsof chargedparticlesfrom the sunduring
solarflare activity. They consistmostlyof protons,with a small contributionof helium

andHZE particles,and occur sporadicallyduring the activephaseof the 11-yearsolar

cycle. SPEfall into two generalcategoriesaccordingto their intensities:ordinary and

anomalouslylarge. Dueto theshieldingeffectof theearth'smagneticfield, ordinarySPE

do notcontributesubstantiallyto radiationdosesin low earthorbits. Althoughtheyoccur
infrequently,anomalouslylargeSPEcancontributeto radiationdosesin low earthorbits

(LEO) at high inclinations.

NATURAL SPACE RADIATION DOSES AT SSF

Under current flight plans, NASA proposes to place SSF at an altitude of 450 km and

in an orbital inclination of 28.5 ° . In this orbit, the station is in the lower fringes of the

trapped proton belt. As shown in Table 2.1, an estimated annual radiation dose to crew

members at SSF is 400 mSv or 40 rem (NCRP 1989 and Curtis et. al 1986) (see Appendix

A for definitions of radiation dosimetry quantities and units). Irradiation by trapped

protons constitutes 92% of the radiation dose, while the remaining 8% is due to GCR. A

majority of the proton dose is accrued during traversal of the SAA. At higher inclinations,

less time in spent in the SAA, and thus the proton dose decreases. At the same time,

however, the GCR dose increases as the geomagnetic field provides less natural shielding

for low-energy GCR charged particles. Note that the total annual dose at 57 ° and at 0 ° is

less than at a 28.5 ° inclination. Although the total dose is 30% greater at this lower

inclination, the geomagnetic field at this point does provide protection from SPE. A single

anomalously large SPE can more than double the annual dose to crew members in a polar
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orbit. At present,thebaselinedesignfor spacestationdoesnot includea "storm shelter"

for protectionagainstsolarflareactivity.

REFERENCE NATURAL DOSES AT SPACE STATION

As discussed above, dose rates at the space station will average about 400 mSv/y or

0.033 Sv/mo due primarily to the trapped-proton irradiation. The lower fringes of proton

belt, however, will vary in altitude as the earth's atmosphere contracts and expands during

periods of minimum and maximum solar activity, respectively. Consequently, dose rates at

SSF can range from a low of 0.015 Sv/mo at 450 km during solar maximum to a high of

0.053 Sv/mo at 500 km during solar minimum (Nachtwey 1989). If the station were to

vary its altitude over several years so as to achieve a constant atmospheric drag, an average

30-day radiation dose of 0.01 Sv could be achieved.

In subsequent chapters, radiation doses delivered by man-made radiation sources will

be compared to doses due solely to the natural space environment at the space station. It is

thus convenient at this point to define two reference natural dose rates corresponding to the

extremes in its variation at SSF. We define these reference values as a "best-case" natural

dose rate of 0.01 Sv/mo and a "worst-case" natural dose rate of 0.05 Sv/mo. The latter

value will be used in the following chapter to derive a conservative estimate of allowable

doses from man-made space radiation sources.

CONCLUSIONS

It is instructive to compare space radiation doses to natural background doses on

earth. Table 2.2 gives the average annual U.S. whole-body radiation doses from five

natural sources (NCRP 1987a). The total annual dose is 3.0 mSv or less than 1% of

annual doses from natural space radiations at SSF. As indicated in Table 2.3, man-made

radiation sources on earth contribute only an additional 0.6 mSv to an individual's annual

dose (NCRP 1987b). Clearly, the radiation environment in space is not as hospitable as it

is on earth. Nevertheless, crew members at SSF will receive only -40% of their annual

recommended dose limit at the end of a extended 180-day duty tour (see Chapter 3).

Furthermore, radiation exposures, be they from natural or man-made sources, will

constitute only one of many occupational risks inherent to manned space activity.
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Table 2.1 Natural Radiation Doses a at SSF at 450 km and at Various Orbital Inclinations.

(NCRP 1989 and Curtis et. al 1986)

Radiation Source

Trapped Proton Dose:
GCR Dose:

Total:

AL SPE

28.5 degrees

370 mSv/y

30 mSv/y

400 mSv/y

0 mSv additional

57 degrees

240 mSv/y

62 mSv/y

300 mSv/y

50 mSv additional

0 degrees

210 mSv/y

80 mSv/y

300 mSv/y

370 mSv additional

aDoses are to the blood forming organs (BFO) and for a spacecraft with 1.0 g cm "2 A1

shielding orbiting during solar minimum.

Table 2.2 Natural Background Doses on Earth.
(NCRP 1987a)

Radiation Some Dose Rate (mSv/y)

Cosmic

Cosmogenic
Terresterial

Inhaled (Radon)

In the Body

Rounded Total:

0.27

0.01

0.28

2.0

0.4

3.0 mSv/y

Table 2.3 Average Individual Doses on Earth from All Sources.
(NCRP 1987b)

Radiation Source

Natural

Occupational
Nuclear Fuel Cycle
Consumer Products

Medical

Rounded Total:

Dose Rate (mSv/y)

3.0

0.009

0.0005

0.071

0.53

3.6 mSv/y
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CHAPTER 3

RADIATION DOSE LIMITS FOR SSF PERSONNEL

INTRODUCTION

This chapter presents currently recommended dose limits for radiation exposures to

space workers. Since individuals at SSF will receive a somewhat constant radiation dose

from trapped protons and GCR, the difference between recommended dose limits and

doses from natural space radiations can be def'med as an "available radiation dose budget"

to be assigned to each individual crew member. If necessary, this dose budget could then

be expended through exposures to man-made radiation sources such as nuclear reactors,

radioisotope sources, or even medical x-ray examinations. It is current radiation protection

practice to keep such exposures "As Low As Reasonably Achievable" (ALARA) (ICRP

1977 and NCRP 1987). Nevertheless, mission planners should be cognizant of the

operational limits imposed, not only by this ALARA principle, but by the use of these

individual radiation dose budgets. Before introducing the radiation dose limits to space

workers, the general considerations by which they are def'med are discussed below.

RADIATION PROTECTION CONSIDERATIONS

Health effects of radiation exposure fall under two general classes: stochastic effects

and nonstochastic effects. Nonstochastic effects are those for which severity of the effect

increases with increasing radiation dose delivered above a certain threshold. This threshold

dose can vary greatly between individuals. Examples of nonstochastic effects are cataracts,

blood changes, and decreased sperm production in the male. Stochastic effects are those

for which only the probability of occurrence increases with increasing radiation dose, the

severity of the effect is dose independent, and a threshold dose level, if it exists, is close to

zero. Consequently, any radiation exposure will have an associated level of risk, however

small. The main stochastic effects of concern are cancer (malignant tumors and leukemia)

and genetic effects.

By international agreement, the principal objectives of radiation protection axe: (1) to

prevent the occurrence of nonstochastic effects; and (2) to reduce the risk of stochastic

effects to levels comparable to risks associated with traditionally "safe" occupations (ICRP

1977 and NCRP 1987). Three concurrent approaches axe generally used to achieve these
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objectives. First, all activities resulting in radiation exposures must be justified in terms of

perceived benefits and projected costs. Second, all radiation exposures must be kept to as

low a level as is reasonably achievable. Within the ALARA principle, it is assumed that

economic and societal factors are to be used to determine what effort of dose reduction is

deemed "reasonable". Finally, all individual radiation doses must be kept below

recommended and/or regulatory dose limits.

NCRP RECOMMENDED DOSE LIMITS

Table 3.1 gives radiation dose limits for NASA's space workers as currently

recommended by the National Council on Radiation Protection and Measurements (NCRP)

(NCRP 1989). These career limits correspond to a 3% lifetime excess risk of fatal cancer

where a career is assumed to be approximately 10 years. For the blood forming organs

(BFO), the career limits range from 1.0 Sv for females 25 years of age at fin'st exposure to

4.0 Sv for males 55 years of age at first exposure. Annual and 30-day limits are also

specified so as to prevent the occurrence of nonstochastic radiation effects. As indicated in

the table, an individual may receive 0.5 Sv to the BFO in a given year of space activity, yet

cannot receive more than one-half the annual limit within any one 30-day period.

These dose limits are for total radiation exposures regardless of source. At present,

they are only recommendations to NASA. However, it is expected that in the near future

they will be adopted by the Occupational Safety and Health Administration (OSHA) of the

U.S. Department of Labor, the organization with regulatory authority over radiation

exposures to NASA personnel (Nachtwey 1989). Current OSHA regulations follow those

of the U.S. Nuclear Regulatory Commission which specifies that occupational radiation

workers will not receive annual whole-body radiation doses from man-made sources in

excess of 0.05 Sv.

RADIATION DOSE BUDGETS FOR SSF CREW MEMBERS

Two radiation dose budgets are defined in this report: LBAD-st and LBAD-It. The

acronym LBAD stands for Lower Bound on Available Dose and the suffixes "st" and "It"

stand for short-term and long-term exposures, respectively. This approach is based upon

three main considerations. First, man-made radiation sources in space predominantly emit

neutron and gamma radiations. Individuals exposed to these radiation types will generally

receive uniform whole-body doses; consequently, only the NCRP limits to the blood
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forming organsareusedto definedosebudgets. Second,to be somewhatconservative,
only the reference"worst-case"naturaldoserateat SSF(0.05Sv/mo) is usedin their

definitions. Third, in orderto covertherangeof scenariosby which man-maderadiation

exposuresmayoccur,two exposuretypesandperiodsareconsidered.

Thefirst typeis a short-term,infrequentexposureoccurringonceduringaparticular

30-dayperiod. Becausetheexposureis infrequent,the 30-dayNCRPdoselimit would

apply to the individuals exposed(0.25Sv in 30days). An examplewould beexposure

duringextravehicularactivity (EVA) nearashutdownreactoraspartof theunloadingof a

Marsvehicle. Thesecondexposuretypecorrespondsto along-term,continuousexposure

to crewmembersduring a maximum 6-monthtour-of-duty at the station. Becausethe

exposureis continuous,the annualNCRPdoselimit would apply(0.50Sv in 6 months).

An examplewould be radiation exposurefrom an operatingreactoron a co-orbiting

platform.

Thenumericalvaluesfor LBAD-standLBAD-lt arecalculatedasfollows:

LBAD-st = (NCRP30-dayLimit) - (Worst-CaseNaturalDose@ SSFOver30Days)
( 0.25Sv/mo) - ( 0.05Sv/mo)

0.20Svin 30days.

LBAD-lt = (NCRPAnnualLimit) - (Worst-CaseNaturalDose@ SSFOver6 Months)

= ( 0.50Sv/yr ) - ( 6 mo/yr ) ( 0.05Sv/mo)

= 0.20 Svin 180days.

It is strictly coincidentalthatbothradiationdosebudgetsnumericallyequal0.20Sv.

If theLBAD-lt is prorateduniformly overafull 180-daycrewrotationperiod,only 0.033

Sv from man-madesourceswould beallowedwithin any30-dayperiod. Consequently,
theLBAD-lt isamorerestrictivedosebudgetthantheLBAD-st.

USE OF RADIATION DOSE BUDGETS

Radiation exposure of crew members will be one of the primary factors determining

the operational limits on space nuclear power sources employed in the vicinity of SSF. The

range of "permissible" operations can thus be linked to a range of "permissible" man-made

radiation exposures. The upper bound of this dose range will, of course, be governed by

12



theNCRPdoselimits. The lower bound will be governed by the ALARA principle. This

raises the question of what is a "reasonably achievable" radiation dose from man-made

sources in space. One useful definition would be to limit such doses to levels comparable

to those received by the natural background. On earth, this is generally acceptable since

background doses are typically very low. Although "background" doses in low earth orbit

are much greater, this definition nevertheless is still valid since natural doses over typical

staytimes are below recommended limits and radiation exposure is but only one of several

risks presented to space workers. For the purposes of this report, therefore, the ALARA

principle when applied to LEO operations will limit man-made radiation exposures to levels

equaling natural doses under best-case conditions (0.01 Sv/mo).

Table 3.2 summarizes this range of "permissible" dose levels. For infrequent

exposure events occurring sometime within a given 30-day period, the most permissive

space nuclear power operations would result in crew members expending their LBAD-st

radiation dose budgets and thus reaching the NCRP 30-day dose limit. The most restdctiv_

operations will result in crew doses equaling one-month exposures from natural sources

under best-case conditions. Similar arguments hold for long-term, continuous exposure

events near or at the space station.

In Chapters 5 through 8, a range of scenarios will be presented in which space

nuclear power sources will be used either at or near SSF. For each scenario, radiation

doses to SSF crew members will be calculated as a function of several operational

parameters such as parking distances and reactor shutdown times. As indicated in Table

3.2, what values of operational parameters are considered "safe" will depend upon the

frequency and duration of the event and upon the radiation protection criteria selected.
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Table 3.1 RecommendedDoseLimits for SpaceWorkers.
(NCRP 1989)

TimePeriod

Cai'eer

Annual

30-day

Blood Formin[ Or[ans

1.0 - 4.0

0.50

0.25

Dose Equivalent (Sv)

Lens of the Eye Skin

4.0 6.0

2.0 3.0

1.0 1.5

Table 3.2 Bounding Radiation Dose Levels for Exposures to Man-Made
Radiation Sources in Space.

Radiation Protection

Criteria to be Used

NCRP Dose Limits

(Upper Bound)

ALARA Principle

(Lower Bound)

Exposure Type and Period
Short-Term, Infrequent Long-Term, Continuous

(1 Month) (6 Months)

LBAD-st

(0.2 Sv in 30 days)

1 Mo. Nat. @ SSF (BC)

(0.01 Sv in 30 days)

LBAD-lt

(0.2 Sv in 180 days)

6 Mo. Nat. @ SSF (BC)

(0.06 Sv in 180 days)

15



CHAPTER 4

NEUTRON AND GAMMA SOURCE TERMS FOR OPERATING AND

SHUTDOWN REACTORS

INTRODUCTION

This chapter deals with the determination of the neutron and gamma source terms for

both operating and shutdown reactors. NERVA- and SP100-class reactors were chosen

for the Mars mission and SSF operational scenarios, described in later chapters, and the

source terms for these reactors are developed in this chapter. The operating reactor neutron

and gamma source terms are based upon values generated as part of the SP-100 and

NERVA projects. The shutdown reactor gamma source terms are based upon an empirical

relationship for gamma release rates from fission products and the operating source terms.

The methods employed in this analysis are approximate and the results are intended

primarily to aid mission planning; the values predicted using these methods are probably

accurate to within +25%. It is certainly possible to perform these analyses in a rigorous

fashion. A number of coupled neutron-gamma transport codes are available to compute the

operating reactor source term. The ORIGEN2 code (Croff 1983 and RSIC 1987) can be

employed to provide accurate estimates of the radioisotope inventory based upon a reactor's

operational history. However, the level of effort required to develop the reactor models

required to implement the transport codes is rather large and not justified at this time. This

is an area that will be explored as part of a follow-on project.

DESCRIPTION OF REACTORS

The two reference systems employed in this study are SP-100 and NERVA-class

reactors. The SP-100 reactor is currently under development as part of the U.S. space

program (Armijo et al. 1989, Deane et al. 1989 and Manvi and Fujita 1987). It has a

baseline thermal power of 2.4 M'gV t and employs a static thermoelectric power conversion

subsystem to produce 100 kW e of power. The basic design goals of the SP-100, however,

call for scalability up to an order of magnitude higher power. For the purposes of this

project, it was assumed that the reactor would generate 25 MW t and utilize an active

conversion system (Rankine or Brayton cycle) in order to provide 5 MW of electrical

power. The SP-100 is a small, compact, fast-spectrum reactor. It utilizes highly enriched
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uraniummononitride(UN) fuel, niobium - 1%zirconium(Nb-1Zr) cladding,andlithium

(Li) coolant.Thecorevesselandstructurearecomposedprimarily of Nb-lZr andtheother

materialsemployedin thecorearealsorefractoryalloys. Beryllium oxide(BeO) hinged

reflectorpanelslocatedon theoutsideperipheryof thecoreareemployedastheprimary
controlmechanism.Theentirecoreandreflectorstructureis enclosedin aconicalcarbon-

carbonreentryshield. A layeredtungsten(W), lithium-hydride (LiH) shadowshield is

employedtodecreasetheradiationfield at theuserinterface.

The NERVA (_NuclearEngine for Rocket Vehicle Application) reactor concept was

developed during the U.S. space propulsion program, which ended in 1973 (Bohl et al.

1988, Haloulakos and Boehmer 1988 and Borowski et al. 1989). A NERVA derivative

reactor (NDR) concept capable of producing electrical power and being employed for

propulsion is currently under study for application to the U.S. Multimegawatt reactor

program (Pierce et al. 1989 and Schmidt et al. 1988). There is not a single fixed NERVA

reactor design; rather NERVA was a basic reactor technology demonstration program that

incorporated a number of similar reactor designs such as the NRX and XE reactor series

(Angelo and Buden 1985). The basic NERVA reactor concept consists of a solid graphite

core with a hydrogen coolant. A variety of fuel element designs were tested as part of the

NERVA progra m and the most highly developed of these were uranium dicarbide (UC 2)

particles with a pyrolytic carbon coating contained in a graphite matrix and a UC-ZrC-C

composite fuel. A niobium or zirconium carbide (NbC or ZrC) fuel element coating was

employed to reduce erosion by the hydrogen propellant. Primary reactor control was

achieved through the use of rotating drums located on the outside periphery of the core.

The bulk of the core vessel consists mainly of aluminum and steel. Two separate shields

were employed in the NERVA design (Aerojet General 1970). The first is inside the

pressure vessel and designed to protect the engine components from excessive heating. A

brim or disk shield at the top of the core composed of layered lead (Pb), LiH, and Boral (a

B-C-A1 compound) was designed to decrease the radiation field away from the reactor for

manned missions. The propellant storage tank provides a substantial amount of radiation

shielding for the crew. In this work, the NERVA reactor was assumed to have a peak

power of 1575 MW t and be capable of producing low levels of electrical power

(approximately 100 kWe).
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OPERATING REACTOR NEUTRON AND GAMMA SOURCE TERMS

The operating reactor neutron and gamma source terms were not directly computed as

part of this project, rather the values employed in this work were developed using data

from the SP-100 and NERVA projects. As mentioned previously, developing the

geometric and material models required to implement neutron and gamma transport codes in

a meaningful fashion is a rather time-intensive task. This topic will be explored as part of a

follow-on project.

A number of common radiation analysis models (CRAM) were developed in

conjunction with the NERVA project; the values employed in this work were taken from

one of these models (Aerojet General 1970 and Wilcox et al. 1969). The CRAM provides

values in terms of equivalent point sources for various engine components. The radiation

field in a direction perpendicular to the axis of the reactor-engine assembly (i.e. radially

outward) is dominated by the reactor, activation of and scattering from engine and structural

components represent a second-order contribution. The neutron and gamma spectra for the

operating NERVA reactor are given in Tables 4.1 and 4.2, respectively. Employing the

dose response functions given in Appendix B yields specific operating NERVA dose rates

at a 1 meter separation distance in the radial direction from an equivalent point source of

30.6 Sv/sec/MW t for neutrons and 14.5 Sv/sec/MW t for gammas.

Data on the neutron and gamma levels in and around an SP-100 operating at 2.4 MW t

for beginning-of-life (BOL) conditions were available from General Electric (Marcille

1989). The neutron and gamma fluxes on the periphery of the reactor at the axial midplane

were scaled linearly with power to 25 MW t to provide a radial source term. Values were

also extracted for a location behind the shadow shield; these were not scaled with the

thermal power since it was assumed that the shield thickness would be increased to achieve

the same dose at the user plane. The neutron and gamma spectra for the operating SP-100

reactor are given in Tables 4.3 and 4.4, respectively. The specific operating SP-100 dose

rates at a 1 meter separation distance in the radial direction from an equivalent point source

were computed as 14.5 Sv/sec/MW t for neutrons and 0.897 Sv/sec/MW t for gammas. For

locations behind the shadow shield, the specific dose rates at a 1 meter separation distance

from an equivalent point source are 6.82x10 -4 Sv/sec/MW t for neutrons and 2.4x10 -2

Sv/sec/MW t for gammas.
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The specificradial operatingdoseratesemployedin this work andgiven aboveare
summarizedin Table 4.5. As can be seen in the table, the values for the SP-100 are

substantially smaller than those for the NERVA; this is particularly true for the specific

gamma dose rate. Several factors contribute to these differences. The types of materials

employed in the SP-100 and NERVA reactors are quite different. The SP-100 is

comprised primarily of high atomic number (Z) refractory alloys while most of the structure

of the NERVA is aluminum or steel. High Z materials are much more effective in

attenuating gamma radiation and this will tend to decrease and soften the gamma spectrum

of the SP-100 relative to that of the NERVA. Secondly, the SP-100 is a small, compact

reactor whereas the NERVA is both large and graphite-moderated. This will produce a fast

(hard) neutron spectrum in the SP-100 relative to the NERVA's thermal or epithermal

neutron spectrum. Gammas will be produced as a consequence of the neutron

thermalization (slowing down) process and this will occur to a larger degree in the

NERVA. The relative amount of structural and control materials in these reactors will also

play a role. The ratio of the core to vessel (including reflectors) radius for the SP-100 is

approximately 0.56 at the core axial midplane, while this value is 0.74 for the NERVA.

Thus, there is proportionally more structural material, and hence radiation interaction, with

the SP-100 compared to the NERVA. In addition, the energy groups selected from the SP-

100 and NERVA project reports are not consistent. Those employed for the NERVA were

simply the values available in the literature. For the SP-100, however, this energy

structure was initially requested by the authors. GE has the capability to provide a number

of different energy group structures; a set more closely matching that employed with the

NERVA was not obtained due to time constraints. Lastly, the computational methods

employed by the SP-100 and NERVA project teams are not the same. The SP-100 project

is employing current radiation transport codes and cross section libraries and this factor

could introduce some difference in the operating dose rate values. As previously

mentioned, the development of "in-house" capabilities to carry out direct computation of the

radiation source terms on a consistent basis will be explored in a follow-on project.

SHUTDOWN REACTOR GAMMA SOURCE TERMS

The shutdown reactor gamma source strength was computed using the simple

empirical relationship shown below (LaBauve et al. 1982):

19



11

f(t) = _ aje-;_Jt

j=l

where f is the energy release rate per fission (MeV/fission/sec), t is the time since the

fission occurred, and aj and _.j are empirical constants. Integrating with respect to both

reactor operating and shutdown time yields the gamma energy release rate at the time of

exposure. There are alternate periods of full and reduced power operation in the Mars

mission scenarios employed in this work; each period of operation is treated separately and

the source terms are summed to compute a total source. As discussed in Appendix C, there

are a large number of such relationships available which vary in complexity and accuracy.

Once the total source has been computed, the gamma dose rate is computed using the

simple relationship shown below:

where H is the gamma dose rate and P is gamma energy release rate (power), the subscripts

s and o denote shutdown and operating conditions, respectively. The operating reactor

dose rates were discussed in the section above. The operating gamma power is taken to be

a fraction of the total reactor power, as shown below:

r P't, 1
LtPo J

Prompt gammas are emitted simultaneously with a fission event and contribute about 7

MeV to the approximately 200 MeV of recoverable energy released per 235U fission event.

Gammas are also emitted as a result of neutron capture events and contribute another 3 to

12 MeV per fission (Lamarsh 1966). Fission product gammas are emitted after the fission

event as a result of the radioactive decay of fission products. If the operating reactor dose

rate corresponds to BOL conditions, then fission product gammas will make only a minor

contribution to the corresponding dose rate. A value of 0.065 was taken for f_, in this

work. This method presumes that the operating and shutdown gamma spectra are identical

since the conversion between flux and dose is energy dependent, as discussed in Appendix

B. While this condition is not strictly met, the chief differences are in the low energy end
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of thespectrumandthelow energygammasdo notmakea largecontributionto thetotal
dose.

CONCLUSIONS

The methodology employed to compute the neutron and gamma source terms for both

operating and shutdown NERVA- and SP100-class reactors were reported. The operating

reactor neutron and gamma source terms are based upon values generated as part of the SP-

100 and NERVA projects. The shutdown reactor gamma source terms are based upon an

empirical relationship for gamma release rates from fission products and the operating

gamma dose rates. These methodologies are approximate and the results are intended

primarily to aid mission planning. It is acknowledged that it would be desirable to obtain

more accurate source term descriptions by employing transport and radioisotope inventory

codes and this topic will be explored as part of a follow-on project. However, the

procedures employed here provide sufficiently accurate values to carry out initial mission

planning and trade-off studies.
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Table 4.1 Operating Equivalent NERVA BOL Neutron Flux in Radial Direction.

Group

1

2

3

Energy Range

E < 0.4 eV

0.4 eV < E < 1 MeV

E> I MeV

Flux @lm (neutrons/cm^2/sec)

8.4E+ 13

3.7E+14

1.1E+14

Table 4.2 Operating Equivalent NERVA BOL Gamma Flux in Radial Direction.

Group

1

2

3

4

5

6

7

8

9

10

11

12

13

Lower

Energy (MeV)

7.50

7.00

6.00

5.00

4.00

3.00

2.60

2.20

1.80

1.35

0.90

0.40

0.00

Upper
Energy (MeV)

30.00

7.50

7.00

6.00

5.00

4.00

3.00

2.60

2.20

1.80

1.35

0.90

0.40

Flux at 1 meter

(gammas/cm^2/sec)

1.2E+12
2.1E+12

6.6E+12

1.9E+ 13

6.8E+13

1.7E+14

1.3E+14

2.0E+ 14

3.3E+14

5.5E+14

1.0E+ 15

2.4E+15

3.6E+15

Table 4.3 Operating Equivalent SP-100 BOL Neutron Flux.

Group

1

2

3

4

5

6

7
8

9

10

11

Lower

Ener_ (MeV)

2.23

1.35

0.82

0.50

0.30

0.11
4.09E-02

5.53E-03

1.67E-04

4.14E-07

1.39E-10

Upper

Energy (MeV)

20.00

2.23

1.35

0.82

0.50

0.30
1.11E-01

4.09E-02

5.53E-03

1.67E-04

4.14E-07

Flux at 1 meter (neutrons/crnA2/sec)
Radial Direction Behind Shield

5.32E+11

4.93E+11

3.45E+11

4.77E+ 11

3.95E+ 11

9.39E+ 11

9.90E+11
1.88E+12

1.76E+12

3.83E+11

2.96E+10

1.24E+06

7.22E+05

6.82E+05

6.37E+05

4.68E+05

7.54E+05

4.60E+05
9.21E+05

1.50E+06

1.80E+06

9.92E+04
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Table 4.4 OperatingEquivalentSP-100BOL GammaFlux.

Group Lower
Energy (MeV)

1 2.50

2 0.75

3 0.30

4 0.01

Upper

Ene%_y (MeV)

30.00

2.50

0.75

0.30

Flux at 1 meter (gammas/cm^2/sec)
Radial Direction

4.05E+ 11

1.32E+12

9.34E+11

1.40E+12

Behind Shield

4.14E+08

1.08E+09

1.07E+09

5.86E+09

Table 4.5 Operating Equivalent SP-100 and NERVA Specific Dose Rates.

Reactor

Type

NERVA

SP-100

Specific Dose Rate at 1 meter (Sv/sec/MWt)
Radial Direction

Neutrons

30.6

14.5

GalTI1TIaS

14.5

0.897

Behind Shadow Shield

Neutrons Gammas

n/a n/a
2.85E-04 1.00E-02
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CHAPTER 5

LAUNCH OF MARS VEHICLES FROM LOW EARTH ORBIT

INTRODUCTION

In this set of scenarios, a nuclear powered vehicle is launched from SSF orbit en

route to the planet Mars. We consider two types of nuclear vehicles which would make

this journey. One is an NEP cargo vehicle utilizing an SP-100 reactor scaled to 25-MWt

(Armijo et al. 1989 and Deane et al. 1989). The second is an NTR personnel vehicle with

two stages. The first or Trans-Mars Insertion (TMI) stage is powered by a 5000-MWt

Phoebus-class reactor (Borowski et al. 1989 and Bohl et al. 1989). The second NTR stage

utilizes a 1575-MWt NERVA-class reactor (Pierce et al. 1989 and Schmidt et al. 1988) and

is used during the remainder of the round trip to Mars.

For both the NEP and NTR vehicles, we calculate the cumulative radiation doses

received by SSF crew members as a function of the vehicle's _ separation distance

from SSF. Two directions of initial separation are considered: one whereby SSF initially

lags the vehicle at launch and one in which SSF initially leads the vehicle. In all cases, the

vehicle's reactor is treated as an point source of neutron and gamma radiation with the

radiation fields falling off as the inverse square of the vehicle-to-SSF separation distance.

In our calculations, no provisions were made for inherent shielding by either the vehicle or

space station structures.

Four FORTRAN computer codes were written to perform the dose calculations for

these launch scenarios. The program NEPTRAJ calculates the radius and travel angle of

the NEP cargo vehicle as a function of time. A second code, NEPDOSE, uses this

trajectory information to calculate NEP-to-SSF separation distances and incremental

radiation doses received at SSF during the NEP escape spiral. Cumulative doses are then

tabulated as a function of the vehicle's initial distance from SSF at launch. The codes

NTRTRAJ and NTRDOSE make similar calculations for the NTR personnel vehicle

leaving SSF orbit. Program listings of all these codes are given in Appendix D.
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TRAJECTORY CALCULATIONS

The two-dimensional trajectory of each vehicle is obtained by solving the following

five equations of motion as given in Zimmerman et. al (1963):

ti = - It+ ¢0Zr+ --sin _ (5.1)
r2 m

eb = - 2u¢0 + Vj_ cos!l _ (5.2)
r m r

i = u (5.3)

I_ = (.0 (5.4)

= -13 (5.5)

where

and

u = radial velocity (m s-1)

I.t = gravitational constant = GME = 3.986 x 1014 m 3 s -2

r = vehicle radius from Earth's center (m)

0O= polar travel angle (radians)

co = polar angular velocity (radians s -1)

Vj = engine exhaust velocity = g Isp = 9.80665 Isp (m s -1)

Isp = engine specific impulse (s)

13= propellant mass flow rate (kg s -1)

m = vehicle mass (kg)

= vehicle thrust angle measured from normal to radius (radians)

(assumed zero for tangential thrust)

rEarth = 6,378,150 meters.

These ordinary first-order differential equations are solved in NEPTRAJ and NTRTRAJ

using the sixth-order Runge-Kutta-Verner routine DIVPRK from the IMSL

MATH/LIBRARY scientific subroutine package (IMSL 1989). The solutions for both

vehicle trajectories were advanced with a time step of one minute.
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As a measureof quality assurance,the trajectory of the NEP cargo vehicle as

calculatedby NEPTRAJwasverified againstcalculationsmadeby the technicalstaff in
NASA LeRC'sAdvancedSpaceAnalysis Office. The resultsareshownin Table 5.1.

Excellentagreementis shownout to atotaltimeof 50days.

LAUNCH OF NEP CARGO VEHICLE

In our reference mission scenario, the NEP cargo vehicle departs from SSF orbit

(450 km altitude and 28.5 ° inclination) with a tangential thrust of 138 N, a specific impulse

of 5000 s, and a propellant flow rate of 0.0028 kg/s. The total mass of the vehicle at

launch is 897.7 metric tons. As detailed in Chapter 4, the total neutron and gamma dose

rate at one meter from the operating NEP reactor is 385 Sv/s. Since the reactor is treated as

a point source of radiation, this dose rate decreases as the inverse square of the separation

distance from the reactor.

Our results for the NEP cargo vehicle are summarized in Figure 5.1. Here we plot

the cumulative dose received by SSF crew members as a function of the vehicle's initial

separation at launch. The circles and triangles correspond to launch configurations where

SSF either lags or leads the NEP vehicle, respectively. A total dose integrated over a 10-

day period is calculated; however, the vast majority of this dose is received in the first

several hours of launch.

Due to the relatively low thrust and subsequent deceleration of the NEP cargo vehicle

as it climbs in altitude, the space station quickly outpaces the NEP vehicle in its orbit about

the earth. Consequently, greater separation distances are maintained over time for launch

configurations in which SSF initially leads the NEP vehicle. Figure 5.1 shows that for

initial separation distances of at least 10 km, an order-of-magnitude reduction in cumulative

doses to SSF crew is achieved if SSF initially leads rather than lags the NEP vehicle at

launch. Figure 5.1 also shows that the space station crew will not expend their short-term

radiation dose budgets provided SSF lags the NEP vehicle by at least 13 km or leads the

NEP vehicle by at least 2.5 km at launch. Cumulative doses comparable to a one-month

best-case natural dose of 0.01 Sv can be achieved for leading separation distances of only

16 km. It is interesting to note that the command and control zone for SSF extends + 37

km in the orbital direction. Consequently, factors other than the concern for radiation

exposure would dictate launch separation distances.
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It is instructiveto visualize the intermediate values which are needed to calculate each

of the dose points in Figure 5.1. Consider launching the NEP vehicle with SSF initially

leading by 10 km. Figure 5.2 plots the altitude of the NEP vehicle as a function of time,

while Figure 5.3 gives the cumulative number of revolutions made by both the NEP vehicle

and the SSF. Note that as the NEP vehicle climbs in altitude, it decelerates and its orbital

period becomes longer. The resultant NEP-to-SSF separation distance is then plotted in

Figure 5.4. Finally, the time history of cumulative radiation dose to SSF crew members is

shown in Figure 5.5 on a logarithmic time scale. Even though the NEP vehicle makes a

relatively slow ascent, the vast majority of the radiation doses to SSF crew is received

within the Fu'st 6 hours of launch.

LAUNCH OF NTR PERSONNEL VEHICLE

In our second reference mission scenario, an NTR personnel vehicle is launched from

SSF orbit with a tangential thrust of 1.112 x 106 N, a specific impulse of 900 s, and a

propellant flow rate of 126 kg s -1. The initial mass of the vehicle at launch is 456 metric

tons. The radiation source term during launch is the Phoebus-class reactor of the TMI

stage. We obtain an estimate of this source term by scaling the NERVA source terms given

in Chapter 4 by the ratio of Phoebus-to-NERVA operating thermal power levels [ 5000

M'vV t / 1575 MWt]. The reactor is thus treated as an point source delivering approximately

225,500 Sv/s at a distance of one meter. The total burn time for trans-Mars insertion is

22.5 minutes.

Our results for the NTR vehicle are summarized in Figure 5.6. Here we plot the

cumulative dose received by SSF crew members over the full 22.5 min TMI burn. In

contrast to the departing NEP vehicle, cumulative doses are lower at a given separation

distance if SSF initially lags rather than leads the NTR vehicle at launch. This shift in

launch strategy is easily explained. The lighter NTR vehicle departs with a thrust -8000

times that of the NEP vehicle and thus maximum separation distances are maintained if the

NTR is launched ahead of SSF. If the vehicle is launched behind SSF, it will quickly pass

the station at a slightly higher altitude resulting in greater cumulative doses. This latter

trajectory is of particular concern since the first-stage NTR reactor delivers dose rates -600

times that of the operating NEP reactor at the same distance. Figure 5.6 also indicates that

short-term radiation dose budgets at SSF will not be exceeded if the NTR personnel vehicle

is launched either at least 7 km ahead or at least 23 km behind the space station. If the

radiation protection criterion to be meet is that cumulative doses at SSF should not exceed a
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one-monthworst-casenaturaldose(0.05Sv), thenthe NTR shouldbelaunchedeitherat

least20km aheador atleast73km behindSSF. Finally, if thecumulativedoseat SSFis

not to exceeda one-monthbest-casenatural dose(0.01 Sv), then the NTR shouldbe

launchedeitheratleast62km aheador severalhundredkilometersbehindthespacestation.

As in the caseof theNEP cargovehicle,we canbetterunderstandtheseresultsby

looking at intermediatevaluesfor aparticularlaunchscenario.For example,considerthe

launchof theNTR vehiclewith SSFinitially laggingby 10km. As shownin Figure5.7,
theNTR attainsanaltitudeof almost2800km attheendof its TMI burn. The numberof

revolutionsmadeby boththeNTR andSSFduring this timeis shownin Figure5.8,while

theseparationdistancebetweenthetwo objectsis shownin Figure5.9. Finally, thetime

historyof cumulativeradiationdoseat SSFis shownin Figure5.10. Whereascumulative

dosespeakwithin a few foursduring the launchof theNEPvehicle, theNTR becomesa

negligibleradiationsourceatSSFafteronly 2 to 3 minutes.

CONCLUSIONS

The dosimetryresults for the two vehiclescanbe summarizedby tabulatingthe

minimumseparationdistancesrequiredto meettheradiationprotectioncriteriaderivedin

Chapter3. Thesedistancesareshownin Table5.2for bothvehicles. Cumulativedosesof

0.05and 0.01 Sv correspondto a one-monthdoseat SSFdueto natural sourcesunder
worst-caseand best-caseconditions, respectively. Basedupon radiation protection

considerationsonly, it is advisableto have$SF lead the NEP and to have $$F lag the NTR

vehicle during launch operations. The actual vehicle separation distance employed will

depend upon the radiation dose criteria selected. For NEP vehicle, distances of at least 20

km can satisfy even the most restrictive dose limit. For the NTR vehicle, separation

distances are more sensitive to the dose criteria selected. The NCRP dose limits can be

meet for separation distances less than 10 kin; however, the ALARA principle would

suggest distances exceeding 60 km.
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Table 5.1 Trajectory Calculations for the NEP Cargo Vehicle.

TIME

(DAYS)
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90.889

105.761

120.555
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164.469

178. 952

193.358
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491 324
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-0 001
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-0 002

-0 002

-0 002
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Table 5.2 Minumum Launch Separation Distances (km) Required
to Meet Various Radiation Dose Criteria.

NEP Vehicle

SSF Lagging @ Launch

SSF Leading @ Launch

NTR Vehicle

SSF Lagging @ Launch

SSF Leading @ Launch

Cumulative Radiation Dose to SSF Crew

LBAD-st (0.2 Sv) 0.05 Sv 0.01 Sv

13

2.5

7

23

44

6

20
73

>>100

16

62

>>100
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Figure 5.2 Altitude of NEP Cargo Vehicle during Launch.
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CHAPTER 6

RADIOLOGICAL IMPACT OF RETURNING MARS VEHICLES

INTRODUCTION

This chapter describes the methodologies employed and results obtained from

analyses of the radiological impact of returning Mars vehicles. The basic process employed

was to identify and characterize likely Nuclear Electric Propulsion (NEP) and Nuclear

Thermal Rocket (NTR) operational parameters, compute the shutdown gamma source

terms, and employ these along with operational gamma dose rates to compute shutdown

gamma dose rates. Parking distances and shutdown times required to keep the dose

received by the SSF crew within the allowable dose budget were determined based on these

computed shutdown gamma dose rates.

The methods employed in this analysis are approximate and the results are intended

primarily to aid mission planning. However, the basic methodology is sound and the

procedures employed could be refined, if necessary, to provide more accurate dose

estimates. It is important to bear in mind that the dose to SSF crew is inversely

proportional to the square of the separation distance from the reactor. For example, if the

dose at a separation distance of 10 km is underpredicted by 50%, the separation distance

need only be increased by about 22%. Similarly, since the gamma source from a shutdown

reactor decreases exponentially with time, relatively short increases in reactor shutdown

time can significantly decrease the dose received by SSF crew. Thus, the uncertainties

associated with the source terms employed will not have a large impact on the computed

required separation distances and shutdown times.

MARS MISSION AND SSF OPERATIONAL SCENARIOS

The two reference Mars mission scenarios employed in this work were developed

based on discussions with the project staff at NASA Lewis Research Center (Stevenson

and Willoughby 1989). The first consists of an NEP Mars cargo craft on a 1810 day

round-trip to Mars departing from low earth orbit (LEO). It was assumed that an SP100-

class reactor (Armijo et al. 1989 and Deane et al. 1989) would be employed. The reference

SP-100 reactor currently under development has a baseline thermal power of 2.4 MW t and
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employs a static thermoelectricpower conversion subsystemto produce 100 kWe of

power. Thebasicdesigngoalsof theSP100,however,call for scalabilityup to anorderof

magnitudehigherpower. In the scenarioemployedhere,it wasassumedthat thereactor
wouldgenerate25 MWt andutilize adynamicsystem(Rankineor Braytoncycle) in order

to provide5 MW of electricalpower. Thevehiclewasassumedto spend150daysin Mars
orbit with the reactoroperatingat 0.4 MWt and 373dayscoastingwith a housekeeping

power level of 0.2MWt; for theremainderof themission,thereactorwasassumedto be

operatingat its full ratedpower of 25 MW t. The housekeepingpower, 0.2 MWt, was

assumedto beavailablethroughoutthevoyage.

ThesecondMarsmissionscenarioconsistsof anNTR craft on a486 dayround-trip

to Mars starting from LEO. The first portion of the mission, the trans-Marsinsertion

(TMI), is to bepoweredby a Phoebus-classreactorthat would bediscardedafter Earth

escape(Borowskiet al. 1989andBohl et al. 1989). It wasassumedthata NERVA-class
reactor (Pierceet al. 1989and Schmidtet al. 1988)operating at 1575MWt would be

employedfor theremainderof themission. TheNERVA-classreactorwasassumedto be

bimodal, providing both thermal power for propulsion and electrical power for

housekeepingandmissionrequirements.The vehiclewasassumedto spend30days in
Marsorbit with thereactoroperatingat0.4MW tand456 dayscoastingata housekeeping

powerlevelof 0.2MWt; for theremainderof themissionthereactoris to operateatits full

ratedpowerof 1575MWt. As with the NEP scenario,thehousekeepingpower is to be

provided for the entire mission. The thermalpower levels andduration of the mission

phasesfor eachof themissionscenariosaresummarizedin Tables6.1and6.2.

Thereactorswere treated as point sources and no shielding from the vehicle structure,

cargo, or reactor shields was considered. This represents a "worst-case" scenario and is

conservative. In all likelihood, the craft itself or temporary shielding would be employed to

reduce dose values below those reported here. Activated core and vehicle components

would also make a minor contribution to the shutdown gamma source strength, but were

neglected in this work.
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GAMMA DOSE RATE FROM RETURNING MARS VEHICLES

The total integrated thermal power, or burnup, values for the NEP and NTR reactors

are 32,310 and 210 MW-days (MWD), respectively. Thus, while the NTR has a rated

thermal power more than 60 times that of the NEP, its burnup is less than 1% of the

NEP's. This is a direct result of the very short duration of the full-power NTR burns. In

contrast, the NEP operates at full power for over 70% of the mission. The gamma source

term is directly dependent upon the magnitude of the fission product inventory, which in

turn is governed by burnup. However, the fission product gamma source decays

exponentially with time so that the operational history of the reactor also impacts the

strength of the shutdown gamma field. In general, the NTR source term will be higher

than that of the NEP shortly after reactor shutdown due to the presence of a large number

of short-lived fission products produced during the Earth orbital capture (EOC) phase.

These will die off shortly, within a matter of days, and the NEP and NTR source terms will

be roughly equal. For longer periods of time, the higher burnup of the NEP reactor will

dominate and its source term will be larger than that of the NTR. Both source terms will,

however, die off exponentially with time.

The gamma source terms and decay heat model employed in this work were described

in some detail in Chapter 4. These were employed to compute the gamma energy release

and dose rate after shutdown for the mission scenarios described above. Figure 6.1 gives

the NTR shutdown gamma energy release rate, or power, due to the decay of fission

products; both the contribution from each mission phase and the total gamma heating rate

are shown. Figure 6.2 presents this same information, but with a limited power scale in

order to more clearly illustrate the curves. The most recent burn dominates all others

during the f'trst month after any shutdown. The inventory of short-lived isotopes produced

during the EOC burn represents a relatively strong gamma source term. The short-lived

radioisotopes produced during the other mission phases have already decayed away; those

that remain have much longer half lives and are comparatively weak gamma sources. The

housekeeping power produced during the coast to Earth also produces an inventory of

radioisotopes that contributes significantly after that produced during the EOC burn has

cooled off slightly. At two months after reactor shutdown, radioisotopes from the EOC

phase comprise about 50% of the total source strength while those built up during the coast

to Earth represent approximately 25%. At much longer shutdown times, on the order of a

year, most of the phases contribute equally to the total.
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TheNEPgammaenergyreleaserateafter shutdownis lesscomplicatedthanthatfor

the NTR. The contributionfrom thepropulsivepower completelydominatesthat from

housekeepingand Mars operationsfor all reactor shutdown times. The NEP gamma
sourcestrengthis initially lessthanthatof theNTR, but it doesnot decreasenearlyasfast

as that of the NTR sinceit hasbeenoperatedat full power for over 300 daysprior to

shutdown.Thegammaenergyreleaseratefrom theNTR hasfallento 1/3of thatfor the

NEPafteronly oneday. Thetimeatwhichthesourcetermfor theNTR becomesthelesser

of thetwo is, of course,dependenton themissionscenario.

As discussedin Chapter4, thedoseratefrom eachreactoris directly proportionalto

the gammaenergyreleaserate, althoughtheconstantthatrelatesthesetwo quantitiesis

different for thetwo reactors.Thetotal gammadoseratesfor both theNTR andNEPare

comparedin Figure6.3. Thebehaviorof thesecurvesis governedbythesamefactorsthat

determinethegammaenergyreleaseratesdescribedabove. Thedoseratesareshownon a

morelimited scalein Figure6.4. Thedoseratefor theNTR falls belowthatof theNEPat

about10daysaftershutdown.

INTEGRATED GAMMA DOSE FROM RETURNING MARS VEHICLES

The reactors on the returning Mars craft are assumed to be shutdown for some time

period after arrival in LEO at a relatively large distance from SSF. The craft are then towed

or drift to within some variable distance of SSF; it is at this time that the calculation of the

dose to SSF crew begins. As explained in Chapter 4, the relationships employed to

compute the dose rates discussed in the section above can be integrated over exposure time

to yield absorbed dose values.

Three basic SSF operational scenarios were examined and it is believed that these

encompass the range of possible interactions between returning Mars vehicles and SSF

crew. The first is a 4-hour EVA in close proximity to the reactor. This is intended to

model an operation involving unloading of the returning vehicle. In this case, it is likely

that only a few crew members would be exposed. The next two are 30- and 180-day

parking scenarios in which the vehicles are positioned at a relatively large distance from

SSF. These represent periods during which the craft may be refurbished for another

voyage, and the entire SSF crew would receive the calculated dose.
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The 4-hour EVA and 30-day parking scenario cases were examined using the

maximum recommended 30-day dose (one-half the annual dose) while the entire annual

dose budget was allowed in the 180-day case. The selection of these dose budgets is

discussed in Chapter 3.

Figure 6.5 illustrates the the six-month parking dose for the NEP reactor at distances

of 1, 5, and 10 km along with the long-term lower bound on available dose (LBAD-It = 0.2

Sv) and the six-month natural space dose under worst-case (0.3 Sv) and best-case (0.06

Sv) conditions, respectively. The point at which any dose curve crosses the LBAD-lt line

gives the minimum shutdown time required to meet the radiation protection guidelines.

Thus, for a parking distance of 1 km, a reactor shutdown time of about 180 days is

required to insure that the dose to the SSF crew is less than LBAD-It. Conversely, the craft

can be brought immediately to parking distance in excess of approximately 4 km without

exceeding this limit. The worst-case natural dose is higher than LBAD-It and at 1 km a

shutdown time of only 135 days is required for the dose from the reactor to equal this

value. At a parking distance of 5 km, a reactor shutdown time of less than 8 days is

required to lower the dose to the same level as the best-case natural dose. At parking

distances in excess of 6 kin, the parking dose is always less than the natural dose. In this

case, the reactor need not be shutdown far from SSF and towed to its parking position, but

rather could arrive there under its own power.

Figure 6.6 illustrates the the 30-day parking dose for the NEP reactor at the same

parking distances as for the six-month case. The short-term lower bound on available dose

(LBAD-st = 0.2 Sv) and one-month natural dose under worst-case (0.05 Sv) and best-case

(0.01 Sv) conditions are also given. A reactor shutdown time of 75 days is required to

yield a dose to the SSF crew less than LBAD-lt for a parking distance of 1 km. At parking

distances of only a few kilometers, the vehicle can be delivered immediately after shutdown

without exceeding the LBAD criterion. Comparing figures 6.5 and 6.6 shows that the craft

may be brought much closer to SSF if it will only be in the vicinity for 30 days. This is

because half of the annual dose may be received if the exposure period is limited to 30

days. A more detailed discussion of the relationship between the 30-day and 6-month

parking restrictions is given later in this chapter.

Figure 6.7 gives the 4-hour EVA dose outside the shadow shield of a NEP reactor at

distances of 50, 100, and 200 m along with the same LBAD-st and natural values given

above. A separation distance of at least 50 m is required to meet LBAD-st constraints for a
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shutdowntimeof 150 days. For this same shutdown time, separation distances of 100 and

200 m give approximately the same dose to the EVA crew as the one-month natural dose

under worst-case and best-case conditions, respectively. At a separation distance of 200

m, a 4-hour EVA would be permissible outside the shadow shield after a shutdown period

of only a few days. The results for an 4-hour EVA inside the shadow shield are shown in

Figure 6.8; note that the scale on the y-axis (dose) is shifted one order of magnitude lower

than those discussed above. As can be seen, a 50 m EVA could be performed almost

immediately without exceeding the tightest criterion. The EVA may be performed within

13 m of the reactor without exceeding LBAD-st.

Figures 6.9, 6.10, and 6.11 give the results for the NTR vehicle. The results are

similar to those discussed above with the exception that the NTR gamma dose rate is higher

at very short shutdown times (less than 10 days) due to the recent EOC burn and decreases

faster than that of the NEP due to a lower integrated reactor power (burnup). The results

for the NTR will be discussed mainly from the standpoint of their differences with respect

to the NEP cases oudined above.

The six-month parking dose for the NTR is shown in Figure 6.9. A reactor

shutdown time of just under 90 days is required to meet the LBAD-lt criterion at a 1-km

separation distance; the corresponding shutdown time for the NEP is about 180 days.

Nevertheless, to allow parking distances greater than a few kilometers, a shutdown time of

only one day is needed to allow the short-lived fission products produced during the EOC

burn to decay sufficiently.

Figure 6.10 gives the 30-day parking dose for the NTR. A separation distance of

only 1 km is required for a shutdown time of about 25 days in order to meet the LBAD-st

requirements. As with the six-month NTR parking dose, a shutdown time of only about 1

day is required for parking distances of more than a few kilometers. The required

shutdown time for the NEP with a parking distance of 1 km is 75 days.

The 4-hour EVA dose outside the disk shield of a NTR reactor is presented in Figure

6.11. A separation distance of at least 50 m is required to meet LBAD-st constraints for a

shutdown time of 90 days; 150 days were required for the NEP at this distance. A

shutdown time of only 6 days is required at a separation distance of 200 m.
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Someof the dataillustratedabove were tabulated to provide a more concise set of

results. Table 6.3 summarizes the shutdown times necessary to satisfy the LBAD-st

criterion (0.2 Sv) for a 4-hour EVA at the separation distances discussed above.

For relatively small separation distances, the NEP reactor requires a longer shutdown

time than the NTR, however, the situation is reversed for larger separation distances. This

is a direct result of the variation of the gamma source terms for these reactors with

shutdown time. As previously discussed, the NTR gamma source strength is initially

larger than that of the NEP due to the recent full-power operation of the NTR during EOC

phase, but it decreases more quickly with shutdown time due to its much smaller total

integrated power. Larger separation distances allow the shutdown time to be decreased and

this places more weight on the initially large source term of the NTR. Short separation

distances require longer shutdown periods and this tends to emphasize the larger long-term

source strength of the NEP.

The shutdown time required to satisfy the LBAD-st criterion for 30-day parking

scenarios at distances of 1 km are 75 and 21 days, respectively, for the NEP and NTR.

Those for the NEP and NTR 6-month cases are 183 and 91 days, respectively. For the 5-

and 10-km parking distances, either vehicle may be brought to its parking position

immediately after shutdown without exceeding the LBAD limit.

The other limit employed in this analysis, a dose component from the reactor equal to

that from the natural background, requires some degree of illustration before the tabulated

results can be easily interpreted. This guideline is fundamentally different form the LBAD

concept. A graphical representation of the integration of the dose rate at some arbitrary

parking distance is shown in Figure 6.12. The area under the dose rate curve for a given

exposure period starting at a specified reactor shutdown time yields the dose received

during that exposure period. In the figure, 1- and 6-month exposures are given for cases

where the exposure period begins (a) immediately after shutdown, (b) at a moderate

shutdown time, and (c) at a long shutdown time. At short shutdown times, the dose for the

first month would be substantially larger than the average monthly dose for the 6 month

exposure since the dose rate curve is dropping off relatively sharply during this time. The

total 6-month exposure dose would be roughly 3 times larger than that from the one-month

case. As shown in part (b) of Figure 6.12 for moderate shutdown times, the slope of the

dose rate curve is quite a bit less since the short-lived radioisotopes have decayed away. At

this point, the dose for the 1-month exposure would be only 10 to 20% larger than the
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averagemonthly dosefor the 6-monthexposure,and the total 6-month exposuredose

would be about5 times larger. Finally, at long shutdowntimes,the doseratecurve is

dominatedby long-livedisotopesandis relatively fiat. Theaveragemonthlydosefor the

6-monthexposureis only slightly lessthanthedosereceivedduring the 1-monthexposure

andthetotal for the6-monthexposureis almost6 timesthatvalue. The factorsdiscussed

abovegovernthe 1-and6-monthnaturaldoselimit parkingdistancecurves. If theparking

distanceis determinedby anaturaldoselimit, thecraftmaybeparkedcloserif it is to stay

therefor 6-months,relativeto the 1-monthstay,sincetheintegrationof thereactordose

ratecurveyieldsa lower averagemonthlydose.This is simply theresultof areactordose
ratethatdecreaseswith exposuretime. At very long shutdown times and/or relatively fiat

dose rate curves, the parking distances determined by the 1-and 6-month natural levels will

be almost equal.

As discussed above, the parking distances for 1-and 6-month exposure periods for

which the accumulated dose is to be equal to the natural dose are related directly to the time

at which the exposure begins and the reactor gamma dose rate curve. Figure 6.13

illustrates a scenario where the returning Mars vehicle is to be parked (a) for 6 months at a

distance determined by the 6-month natural dose and (b) parked at 6 successive locations

for a duration of 1 month per location, each determined by the 1-month natural dose. The

total dose for these two cases will be the same at the end of 6 months and equal to that from

6 months natural exposure at SSF. The parking distance for the first few months of case

(a) are larger than those for case (b). Again, this is a direct result of the decreasing reactor

dose rate curve and the longer integration time for the 6 month exposure. In contrast, the

parking distance for the last couple month parking periods are less than the 6 month

distance since the dose rate curve has decreased during the previous months. As mentioned

above, these parking distances will be almost equal at very long shutdown times since dose

rate curves will be relatively fiat.

Table 6.4 summarizes the shutdown times required to achieve a 30-day and 6-month

parking gamma dose equal to the natural dose under best-case conditions (0.01 and 0.06

Sv, respectively). As discussed above, the parking distance for the 30-day case is larger

than that for 6 months if the equivalent natural dose guidelines are employed.

The results presented above give the reactor shutdown time necessary to satisfy a

given dose criterion at some separation or parking distance. This is useful for the case

where the separation or parking distance is a fixed mission parameter and the length of time
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the reactor has been shutdown is the chief mission parameter that may be varied.

However, it may also be possible to satisfy mission requirements by altering both the

parking distance and shutdown time. To facilitate mission planning for the parking

scenarios, several isodose plots were constructed which give the relationship between

parking distance and shutdown time required for several dose limits.

Figures 6.14 and 6.15 give the isodose curves for the NEP and NTR for 1- and 6-

month exposures governed by LBAD and the natural dose at SSF. Several features

discussed previously in this section can be seen. The NEP isodose curves are flatter than

those for the NTR; this is dictated by the shape of the dose rate curves for the two reactors.

The one-month natural isodose curve is more restrictive than the six-month limit, and they

approach one another at long shutdown times. The LBAD-st isodose curve is less

restrictive than that determined by LBAD-lt since half of the annual dose limit is taken

during the one-month exposure. It is vital that all the factors discussed above be kept in

mind when interpreting these curves. Finally, Figure 6.16 gives a direct comparison of the

isodose curves for the NTR and NEP.

MISSION SCENARIO SENSITIVITY STUDY

Some of the parameter values employed in this work were somewhat arbitrary,

particularly the thermal power levels employed during the Mars operations and coasting

phases. These were subjected to a sensitivity analysis to explore their impact on the

predicted dose values. The most direct method to accomplish this is to examine the impact

of these variables on the total integrated thermal power. The ratio of each power level

(propulsion, Mars operations, and housekeeping) to its reference value was varied

independently from 0 to 2 and a ratio of the total integrated thermal power for this

alternative to the reference point calculated. Figures 6.17 and 6.18 illustrate the results of

this analysis for the NEP and NTR scenarios, respectively. The effect of varying the

housekeeping and Mars operations power on the total integrated thermal power is negligible

for the NEP. Thus, only the level of propulsive power will have a significant impact on the

results presented here; furthermore, the dose will scale approximately linearly with this

power level. For the NTR, the effects of changing the propulsive and housekeeping power

levels are roughly equal and the total integrated power is relatively insensitive to the Mars

operations power level.
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Figure6.19illustratestheLBAD-lt isodosecurvesfor thebaselineNTR andthesame

missionscenariowithoutanyhousekeepingpowerproduction.TheNEPLBAD-It isodose

curveis alsogivenfor comparison.As canbeseen,thisdecreasestheparkingdistanceby
about25%at longshutdowntimes. Shortershutdowntimesarestronglyinfluencedby the

short-lived radioisotopesproducedby the EOC burn and will be lesssensitiveto the

housekeepingpowerlevel.

MULTIPLE-EVENT SCENARIOS

The results given in this section were derived under the assumption that the dose from

the event under consideration and the natural dose are the only SSF crew radiation

exposures. This can be denoted as a single-event scenario. However, it is quite possible

that some or all of the SSF crew will receive radiation doses from multiple events.

Consider, for example, the case where a returning Mars vehicle is brought to the 30 day

parking distance and left for 10 days in order to unload the crew and freight. The dose

received by the entire SSF crew during this time would be roughly half of LBAD-st, or

about 0.1 Sv. Some members of the crew would be involved in EVA near the vehicle and

thus would have an additional exposure term. Their EVA would be restricted so that the

combined dose from the 10 day parking exposure and that from their EVA trip(s) would be

less than LBAD-st (0.2 Sv). After this time, the craft is to be placed at a distance selected

to keep the total dose received by any crew member under LBAD-lt (0.2 Sv). An

illustration of this parking scenario and its relationship to the 30 day and 6 month parking

curves is illustrated in Figure 6.20. The scenario could be further complicated by the

rotation of some crew members during this time period. The impact of multiple-event

scenarios on mission planning and SSF operations will be explored in detail as part of a

follow-on project.
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CONCLUSIONS

The work performed in this study to analyze the radiological impact of returning Mars

NEP and NTR mission vehicles indicates that reasonable parking and EVA distances, in

conjunction with relatively short reactor shutdown periods, can be employed to meet

current radiation protection guidelines or equivalent natural dose. There does not appear to

be a likely operational scenario which could not be addressed in this manner. Furthermore,

most of the cases presented here assume that the craft and reactor shielding are not available

to reduce the dose to the SSF crew; this is very conservative. In addition, portable

shielding could be employed to reduce the dose to the SSF crew for EVA and parking

scenarios.
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Table 6.1 NEPMission ScenarioDescription.

IMission Phase

Earth Spiral-Out (from 450 km)
Heliocentric to Mars

1 st Portion: Thrust

2nd Portion: Coast

3rd Portion: Thrust

Mars Spiral-In

Mars Operations

Mars Spiral-Out
Heliocentric to Earth

1st Portion: Thrust

2nd Portion: Coast

3rd Portion: Thrust

Earth Spiral-In (to 450 km)
Earth Orbit Arrival

Duration (days)

443

253

162

85

86

150

39

74

211

68

239

Variable

Power (MWth)

25

25

0.2

25

25

0.4

25

25
0.2

25

25

Reactor Shutdown

Table 6.2 NTR Mission Scenario Description.

Mission Phase Duration (days)

Trans-Mars Insertion (TMI) (lst stage)
Coast To Mars 286

Mars Orbital Capture (MOC) 0.028

Mars Operations 30

Trans-Earth Insertion (TEl) 0.024
Coast To Earth 170

Earth Orbital Capture (EOC) 0.016
Earth Orbit Arrival Variable

Power (MWth)

(1 st stage)
0.2

1575

0.4

1575

0.2

1575
Reactor Shutdown

Table 6.3 Shutdown Time (days) Required to Satisfy

LBAD Criterion for 4 Hour, Unshielded EVA.

Separation Distance (m) NEP NTR

50 150 88
100 49 22

200 2.8 6

49



Table 6.4 Shutdown Time (days) Required to Achieve a Dose Equal to the Natural
Space Radiation Background (Best Case) for Parking Scenarios.

Parking Distance (kin)

1

5

10

NEP

30 day

> 360

59

0

NTR

30 day

273
14

0.9

NEP
6 month

> 360
7.7

0

NTR

6 month

214

0.8

0
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CHAPTER 7

PRESENCE OF OPERATING REACTORS ON

CO-ORBITING PLATFORMS

INTRODUCTION

With the establishment of a transportation infrastructure in low earth orbit, nuclear

reactors may be needed to meet the power requirements of exploration activities. To

investigate the radiological impact of operating reactors to the space station, a scenario was

constructed in which a single SP-100 reactor provides power for a water-electrolysis

platform co-orbiting with SSF. The two key questions to be answered are: (1) at what

minimum distance from SSF can such a platform be located, and (2) how far away from

the reactor can a 4-hour EVA be performed on the platform itself?. Clearly, prudent

orientation of the structure and placement of mass and propellant on the platform can play

significant roles in reducing radiation doses to SSF crew. However, until specific designs

for such platforms are available, we must make the conservative assumption that radiation

doses can be reduced only through geometric attenuation. The advantage of this approach

is that the results are applicable to any scenario involving operating SP-100 reactors.

As with all scenarios in this report, no provisions are made for inherent shielding of

the space station structure. In addition, our scenario did not directly consider placement of

a nuclear reactor on SSF itself. Such a feasibility study has been previously investigated

(Bloomfield et. al 1987).

RADIATION DOSES AT THE SPACE STATION

In this scenario, it was assumed that the co-orbiting platform cannot be continuously

oriented to maintain SSF within the shadow of the SP-100's user-plane shield.

Consequently, we conservatively treat the reactor as a point source of neutron and gamma

radiation delivering 37 Sv/s at one meter (Chapter 4).

Figure 7.1 gives six-month cumulative doses at SSF as a function of the platform-to-

SSF separation distance. The curve appears straight on this log-log plot since doses

decrease as the inverse square of the separation distance. The solid horizontal line indicates
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the long-termradiationdosebudgetof 0.2 Sv in six months. The two lines intersect at

slightly greater than 50 km. Therefore, the reactor would have to be located at least this far

away from SSF to maintain radiation doses below the NCRP guidelines for crew members

on a full six-month duty tour. If cumulative doses at space station were to be kept to a level

comparable to natural doses under best-case conditions, then the platform should be

separated at least 100 km from the station. The command and control zone for SSF is + 37

km in the orbital direction; consequently, it appears that radiation exposure will be a major

factor dictating the proximity of operating reactors in SSF orbit.

RADIATION DOSES DURING EVA AT THE PLATFORM

Additional radiation doses to crew members may result if EVA work is required at

such a platform. To assess EVA doses, it was assumed that the only shielding available to

the astronaut at the platform is the existing SP-100 shadow shield. It is important to note

that this shield is not designed to reduce the neutron and gamma radiation to levels

acceptable for human exposure, but rather to protect electronics at the user plane. As

discussed in Chapter 4, the SP-100 can be conservatively treated as a point source behind

the shadow shield which delivers a dose rate of 0.0247 Sv/s at one meter.

Four-hour cumulative doses behind this shield are plotted in Figure 7.2 as a function

of distance from the reactor core. At 40 m, the astronaut will expend his short-term

radiation budget in four hours. He would have to be at least 200 m from the reactor in

order for his cumulative dose to equal a 30-day dose from natural space radiations under

best-case conditions. Again, judicious placement of mass would be highly advisable. In

particular, mass of low atomic number (low-Z materials), such as liquid oxygen and

hydrogen, can significantly reduce the neutron flux. Nevertheless, it appears that without

any additional shielding, EVA work can be performed at reasonable distances along the

structure.

MULTIPLE-EVENT SCENARIOS

Caution must be used with interpreting the results given in Figures 7.1 and 7.2. In

particular, one must understand the consequences of selecting distances which deliver

doses equal to the LBAD-st during EVA's and the LBAD-It during continuous exposures at

the space station.
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For example,consider an individual who arrives at SSF for a six-month stay. During

that time, SSF is co-orbiting with platform utilizing a single operating SP-100 reactor. If

that platform is located many hundreds of kilometers away from the station, the reactor will

constitute a negligible radiation source. Therefore, the only significant radiation dose he

will receive will be due to the natural space environment, which under worst-case

conditions will result in a cumulative dose of 0.30 Sv [0.05 Sv/mo x 6 mo]. Thus, he will

be 0.20 Sv below his annual limit at the end of his stay. This "available dose" of 0.20 Sv

represents our LBAD-lt dose budget which, if necessary, can be expended by additional

exposures from man-made radiation sources.

Suppose that when this same individual arrives at SSF the co-orbiting platform is

located only 54 km away. According to Figure 7.1, this individual will receive an

additional radiation dose over six months equal to the LBAD-It, or 0.20 Sv. Consequently,

at the end of his duty tour, he will have just reached the NCRP annual dose limit and thus

this individual should be excluded from any routine EVA work at the platform.

Finally, suppose that this individual were to perform a single 4-hour EVA at the

platform sometime during his first of six months at the station. According to Figure 7.2, if

the work was performed 40 m from the reactor, he would receive a dose equal to the

LBAD-st, or 0.20 Sv, provided transit doses are negligible. Back at the station, he will

receive an additional 0.05 Sv over that first month from the natural sources. Provided the

platform is at a very large distance from the station and no subsequent EVA is performed,

his cumulative radiation dose would be 0.25 Sv the f'u'st month and 0.50 Sv at the end of

his six-month stay. If the operating reactor were not a negligible radiation source at the

station, this individual would have to go home early so as not to exceed the NCRP annual

limit. Furthermore, multiple reactors in SSF vicinity would require even shorter staytimes

and/or larger separation distances from the station.

CONCLUSIONS

Table 7.1 summarizes our dosimetry results for operating reactors. Shown are the

distances at which the various single-event dose criteria are met for both 4-hour EVAs and

6-month staytimes at SSF. For EVA work at the platform, NCRP dose limits will not be

exceeded at distances greater than 40 m from the reactor. The ALARA principle, however,

would suggest distances of at least 200 m. Closer distances could be allowed under this

more restrictive dose criteria provided that the platform was designed to utilize propellant
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tanksand supportstructuresasadditionalshielding. At thespacestation,doselimits will

not beexceededprovidedthat a separationdistanceof -60 km wasmaintained. Again,

thesedistancesare only valid for situations in which additional man-maderadiation

exposuresoccurassingleevents. If multiple operatingreactorsareusedin SSFvicinity,

largerseparationdistancesfor eachsourcewould benecessaryto insurecompliancewith
theNCRPlimits.
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Table 7.1 Distancesfrom anOperatingSP-100neededto MeetVariousDoseCriteria.

DoseCriteria
LBAD-st (0.2Sv)

0.05 Sv
0.01 Sv

LBAD-lt (0.2Sv)
0.30 Sv
0.06 Sv

4-HourEVA @ Platform
(behindshadowshield)

40m
85m
200m

6-MonthStay@ SSF
(outsideof shadowshield)

54km
44km
100kin
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CHAPTER 8

PRESENCE OF RADIOISOTOPE POWER SYSTEMS ON SSF

INTRODUCTION

This chapter addresses the the radiological hazards posed by radioisotope power

sources. At SSF, these sources might include the following types: Radioisotope

Thermoelectric Generator (RTG), Dynamic Radioisotope Power System (DIPS), and

Activated Heat Source (AHS).

Dose rates for a GPHS-RTG (General Purpose Heat Source RTG) unit were

obtained from the literature. These values were employed along with the dose limits to

produce separation distance curves for single and multiple RTGs stored at SSF in various

orientations. The results indicate that the presence of RTGs on SSF does not represent a

significant radiological hazard. This would appear to be the case for the DIPS and AHS

systems as well.

DESCRIPTION OF RADIOISOTOPE POWER SYSTEMS

Three classes of radioisotope power systems could potentially be employed on or in

the vicinity of SSF: RTG, DIPS, and AHS. RTGs have been employed in the U.S. space

program since 1962 for a wide range of missions (Angelo and Buden 1985, Skrabek and

McGrew 1988). The design currently employed for U.S. space missions is the GPHS-

RTG (Bennett et al. 1987). The GPHS is fueled by plutonium dioxide (PuO 2) pellets; the

Pu is comprised of about 83.5% 238pu (GE 1984). A unicouple arrangement of silicon

germanium (SiGe) thermoelectric elements (TEs) is employed to produce electrical power.

The advanced version of this RTG, now under development, is the MOD-RTG (Hartman et

al. 1987 and Hartman 1988). The MOD-RTG also employs the GPHS as a thermal power

source, but uses enhanced thermoelectric materials in a multicouple arrangement to achieve

a specific power approximately 50% greater than that of the GPHS-RTG.

DIPS have not been employed to date in the U.S. space program, but are currently

under active development (Davis et al. 1987, Niggemann and Lacey 1987, Bennett and

Lombardo 1988 and Determan and Harty 1989). The current DIPS designs would employ
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the GPHS heat sourcewith an active power conversionsubsystem,either an organic
Rankineor aclosedBrayton cycle. These systems are typically targeted at the 1 to 10 kW e

power range. Since they employ the same fuel as GPHS-RTGs, the radiological issues

and impacts associated with DIPS are very similar.

The AHS concept is relatively new (Thomas and Peddicord 1988) and attempts to

address some of the radiological concerns with the launch and reentry of systems

employing 238pu. The AHS employs isotopes that are either stable or have a long half life,

relative to 238pu; such isotopes include 209Bi, 241Am, and 237Np. Once in space, the heat

source material is activated using neutrons exiting a space reactor to yield an alpha emitter

that produces thermal energy in the same manner as 238pu. The isotopes mentioned above

(209Bi, 241Am, and 237Np) yield 210po, 242Cm, and 238pu, respectively, upon activation;

these isotopes have all been employed directly in the U.S. RTG program (Angelo and

Buden 1985 and Davis 1963). The thermal energy could be used directly or converted to

electrical power using technology developed in the RTG and DIPS programs.

DOSE FROM RTG HANDLING AND STORAGE ON SSF

Dose rates for a GPHS-RTG were obtained from the literature (Normand et al.

1989). The GPHS-RTG initially provides approximately 4.4 kW t of power (Bennett et al.

1987). As mentioned above, the RTG is fueled by PuO2; thermal power is produced by

the alpha decay of the 238pu isotope. About 80% of the dose is due to neutrons (Normand

et al. 1989), emitted both as a result of 238pu spontaneous fission events and (a,n)

reactions with 180 (GE 1984). The remainder is due to gamma emission, which

accompanies the alpha decay of 238pu as well as the decay of impurity isotopes and decay

products. The dose rate from an RTG is dependent on the relative orientation between the

exposed individual and the RTG itself. The length to diameter ratio for the GPHS-RTG is

about 2.7 (Angelo and Buden 1985). If the unit is aligned axially, then a fair amount of

self-shielding takes place and the dose is substantially reduced; the dose in the radial

direction is over 3 times larger.

For the purposes of this work, the GPHS-RTG was treated as a point source and the

axial and radial dose rates at an equivalent 1 m separation distance were taken to be

1.29x10 -7 and 4.25x10 -7 Sv/s, respectively. Figure 8.1 gives the 6-month dose, versus

separation distance, for a single GPHS-RTG oriented in both the radial and axial directions

as well as that from 5 radially oriented units. Also shown is the LBAD-lt limit (0.2 Sv) and
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the doseresulting from a 6-month exposure to natural radiation sources under best- and

worst-case conditions, respectively (as discussed in Chapter 3). This plot clearly shows

that the storage of RTGs on SSF will not constitute a major radiological concern. For a

single GPHS-RTG oriented axially, a separation distance of only 3 m is sufficient to meet

the LBAD-lt criteria. Consideration of ALARA criteria would mandate that the separation

distance be increased beyond this to somewhere on the order of 6 m. For a radial

orientation, these distances are increased to about 6 and 10 m, respectively. Even if 5

GPHS-RTG units were stored on SSF simultaneously in a radial orientation, a 25 m

separation distance from the crew habitat module would keep the dose below that from a 6-

month exposure to natural sources under best-case conditions. Larger separation distances

might be desirable under the ALARA criteria.

DOSE FROM DIPS AND AHS HANDLING AND STORAGE ON SSF

Since the current DIPS designs would employ 238pu as a fuel in the form of PuO 2,

the same fuel used in the GPHS-RTG system discussed above, the radiological concerns

associated with DIPS will be similar. The amount of 238pu in a DIPS is larger since typical

DIPS thermal power levels are up to 10 times higher than that of an GPHS-RTG. The

dose rate for these systems will scale approximately linearly with thermal power. DIPS

systems will therefore require slightly larger separation distances than those for a single

RTG, but these distances are not excessive.

A recent study (Thomas and Peddicord 1990) indicated that AHS source isotopes

pose a much lower external radiological hazard prior to activation than 238pu. After

activation, AHS systems fueled by 241Am or 237Np have roughly the same dose rate, at a

given thermal power, as an RTG fueled by 238pu. AHS systems employing 209Bi have a

much lower dose rate. Thus, the required separation distances for AHS systems prior to

activation would be even lower than those for the GPHS-RTG units discussed above. This

would be the case for storage of fresh AHS units. After activation, the separation distances

would be roughly the same as those for GPHS-RTGs.
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CONCLUSIONS

Dose rates for a GPHS-RTG unit were obtained from the literature. These values

were employed along with the dose limits to produce separation distance curves for a single

RTG in various orientations and multiple RTGs. The results indicate that the presence of

RTGs on SSF do not represent a significant radiological hazard. The required separation

distances and operational procedures required to keep the RTG dose within reasonable

limits are not restrictive. While the dose from DIPS and AHS units were not specifically

calculated in this work, it appears that these conclusions will be valid for these classes of

radioisotope power sources as well. As mentioned in Chapters 6 and 7, consideration must

be given to multiple event scenarios in actual mission planning since the radioisotope power

source dose could be just one component of the total man-made dose to the SSF crew.
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CHAPTER 9

MULTIPURPOSE PORTABLE RADIATION SHIELD CONCEPT

INTRODUCTION

This chapter briefly presents a concept for a portable radiation shield to be kept at the

SSF transportation node and deployed as needed around man-made radiation sources.

Such a concept represents the single major physical "scar" identified in this present study

which should be accommodated within the baseline design of SSF. The principle

investigators for this project are currently carrying out scoping studies for the portable

shield concept under support from NASA's Office of Exploration. A more detailed design

will be made as part of a follow-on project to this current study.

CONCEPT AND JUSTIFICATION

A portable shield at SSF is desirable for several reasons. First, most nuclear systems

that interact with SSF will not require a 47r man-rated shield to meet the radiation protection

requirements of their own missions. For instance, the propellant tanks on the NTR Mars

vehicle provide a large fraction of the crew shielding. Most of reactor systems only utilize

shadow or disk shields for the protection of onboard crew and/or electronic components.

Consequently, there may be little, if any, shielding between the reactor and neighboring

objects such as SSF. While the operational constraints on parking distance and shutdown

times given in previous chapters may not be unacceptable, they could be relaxed if a

portable shield were available. It would be redundant and prohibitively expensive to place

such shielding on each vehicle that will interact with the station. Rather, this shield should

be kept at SSF and deployed only during periods of close interaction with nuclear systems.

Second, there are specific missions for which distance and/or reactor shutdown times

are clearly unacceptable and additional shielding is needed. For example, suppose that it

were necessary to perform an EVA 50 m from a shutdown NEP reactor at a location

outside of its shadow shield. As indicated in Figure 6.7, a reactor shutdown time of at

least 150 days is necessary to ensure dose limits are not exceeded. A simple build-up

factor calculation indicates that a wait time of only 10 days would be needed if a 2.4 cm

tungsten shield were available.

Finally, a portable shield can be used to implement the radiation protection principle

of ALARA. During periods when there are no nuclear systems in the vicinity of SSF, the
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"normal" configurationof theshieldcouldbearoundthehabitationmodulesof thestation.

In thiscapacity,theshieldwouldserveasatrapped-protonshieldresultingin areductionin

crewdosesfrom the naturalsourcesandan increasein their radiationdosebudgets. This

in turn wouldallow eitherlongerstaytimesatthe stationor agreaterdegreeof interaction
with nuclearsystems.
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CHAPTER 10

CONCLUSIONS AND FUTURE WORK

SUMMARY

The results from this study indicate that realistic scenarios donot exist which would

preclude the use of nuclear power sources in the vicinity of SSF. Radiation doses to SSF

crew can be maintained at safe levels solely by implementing proper and reasonable

operational procedures. These consist primarily of constraints on separation distances

between the radiation source and the SSF crew and on reactor shutdown times prior to

vehicle approach and final parking. For scenarios involving _ man-made radiation

sources, these constraints are not severe and donot significantly impair the functionality of

an evolutionary space station. However, if multiple man-made radiation sources are

present, each source must be controlled to the extent that total exposures from all sources

are below dose limits. In this later case, significant reactor shutdown times may be

r_quired to allow EVA on returned vehicles and to allow relatively close vehicle parking

distances from the station. These shutdown times may become operational unacceptable

and thus supplemental shielding would be needed. It is recommended that a portable,

multifunctional reactor shield be kept at SSF and deployed around the shutdown reactors of

returned NEP and NTR vehicles. During periods of low vehicle activity, the shield could

be deployed around the habitation modules of SSF to reduce doses from natural space

radiations.

Specific conclusions from this study are summarized below. These conclusions are

dependent upon the radiation protection criteria applied. The more permissive range of

operations will limit total exposures to the NCRP 30-day and annual dose limits. In this

case, the man-made contribution to dose will equal the LBAD-st and LBAD-It radiation

dose budgets, respectively (see Chapter 3). The more restrictive operations will limit man-

made exposures to levels comparable to natural doses in LEO under best-case conditions

(0.01 Sv/mo); this approach can be viewed as one implementation of the ALARA radiation

protection criteria.
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LAUNCH OF NEP AND NTR VEHICLES FROM LEO

If an NEP cargo vehicle is to be launched from LEO, greater separation distances are

maintained and thus lower cumulative doses to SSF crew are realized if SSF initially leads

the NEP within its orbit prior to launch. In this configuration, an initial launch separation

distance of only 2.5 km is required to insure cumulative doses at SSF do not exceed

recommended dose limits. If cumulative doses are to equal a 1-month natural dose, an

initial separation of at least 16 km is needed. Clearly, factors other than the concern for

radiation exposure will dictate launch separation distances for NEP vehicles.

If an NTR personnel vehicle is to be launched from LEO, lower cumulative doses

result if SSF initially hag_ the NTR prior to launch. In this configuration, an initial

separation distance of only 7 km is required to insure doses at SSF do not exceed dose

limits (as discussed in Chapter 5, this result is based upon the assumption that the TMI

stage of the vehicle is powered by a 5000 MWt PHEOBUS-class reactor and not a 1575

MWt NERVA-class reactor). If cumulative doses are to equal a 1-month natural dose, an

initial separation distance of at least 62 km is required. For this criterion, radiation

protection could partially dictate launch separation distances for NTR vehicles. If shorter

distances are desirable, additional shielding of crew modules would be needed. This could

be one of several uses for the portable shield concept discussed in the previous chapter.

6-MONTH PARKING OF RETURNED NEP AND NTR VEHICLES

A prior reactor shutdown period is not required for a returning NEP vehicle if it is to

be parked no closer than 5 km from SSF. If a parking distance of 1 km is desired, the

reactor must be shutdown for at least 6 months prior to towing the vehicle to this distance if

cumulative 6-month doses to SSF crew are to be kept below recommended limits. If doses

are to be kept comparable to natural doses, then the reactor must be shutdown for over one

year. Clearly, the shutdown times for a 1 km parking distance may be operationally

unacceptable and a portable reactor shield would need to be deployed around the NEP

reactor.

A prior reactor shutdown period is not required for a returning NTR vehicle if it is to

be parked no closer than 10 km from SSF. If a 5 km parking distance is desired, the

reactor must be shutdown for one day prior to final parking. If a 1 km parking distance is

desired, then a 3-month shutdown time is needed to insure doses do not exceed dose limits

and a 7-month shutdown time is needed to kept doses comparable to natural doses. Again,
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theserestrictions on reactor shutdowntimes canbe relaxedwith the deployment of a

portable shield.

4-HOUR EVA AT RETURNED NEP AND NTR VEHICLES

A prior reactor shutdown period is not required for EVAs at a returned NEP vehicle if

a distance of at least 50 m _ the shadow shield of the reactor is maintained. If an EVA

is to be performed 50 m from the reactor outside its shadow shield, then the reactor must be

shut down for at least 5 months to insure that dose limits are not exceeded. At that same

location, a shutdown time of -2 years is required if the dose received is not to exceed a 1-

month dose from natural sources. Clearly, it is desirable to allow EVA at the vehicle only

within the shadow of the reactor shield. If this shadow is spatially limiting, then

deployment of a portable shield around the reactor is recommended.

For the returned NTR vehicle, an EVA 50 m from the reactor outside the shadow of

its disk shield can be performed with a reactor shutdown time of at least 3 months. At this

same location, a shutdown time of over 1 year is required to kept doses comparable to a 1-

month natural dose.

OPERATING REACTORS IN THE VICINITY OF SSF

In the event that an operating SP-100 reactor is used as the power source for a

electrolysis platform co-orbiting with SSF, a separation distance of at least 54 km would be

needed so as to maintain crew doses below recommended limits. If the reactor were to

deliver a total dose over six months comparable to that delivered by natural space radiations

over the same period, then a 100 km distance would be necessary.

If EVA work was to be performed at the platform while the reactor was operating, the

astronaut must be kept within the reactor's shadow shield. A potentially lethal dose would

be delivered outside the shield in about 40 minutes. Within the shadow shield, the

astronaut must be no closer than 40 m from the reactor to insure that his cumulative 4-hour

dose would not exceed the LBAD-st dose budget. If this cumulative dose were to equal a

1-month natural dose, the EVA would have to be performed at least 200 m from the

reactor. Clearly, radiation doses can be substantially reduced by having the reactor shut

down prior the EVA and by prudent placement of mass and propellant at the platform.

Alternatively, a portable reactor shield could be employed.
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STORAGE OF RADIOISOTOPE POWER SOURCES AT SSF

In the event that RTG units are to be stored at SSF, they should be oriented in the

axial direction with respect to the crew modules so as to take advantage of component self-

shielding; dose rates in the radial direction are over 3-times larger. With an axial

orientation, 5 RTG units can be stored as close as 7 m from the crew and still maintain

doses below recommended limits. A distance of 13 m is necessary if the units were to only

double the crew's dose from natural sources. If, for some reason, 5 RTGs were oriented

in the radial direction, these separation distances would be 13 m and 24 m, respectively. It

does not appear that RTG units at SSF would present a radiological hazard to crew

members since these required separation distances are well within the +_.52 m afforded by

the Dual-Keel configuration of SSF (NASA 1988). Likewise, it does not appear that either

DIPS or AHS radioisotope power systems will pose a serious radiological hazard.

FUTURE WORK

Several items will be addressed as part of a follow-on project. First, the analysis

methodologies used in this study to calculate doses from operating and shutdown reactors

will be verified and refined as necessary. As an extension of these calculations, specific

vehicle designs will be incorporated so as to take into account inherent shielding of the

vehicle structures. Second, scenarios will be constructed in which, not one, but several

man-made radiation sources are present at or near SSF simultaneously. These scenarios

will then be used to assess impacts to vehicle and SSF operations as well as to crew

rotation schedules. Third, existing space radiation environment models will be obtained

and implemented so that refined estimates of doses from natural space radiations can be

integrated into the scenario analyses. Fourth, a detailed design for a portable,

multifunctional radiation shield will be made. A scoping study of such a shield design is

currently being supported by NASA's Office of Exploration. Finally, a preliminary

assessment will be conducted of the radiation hazards associated with material activation

and the handling of fresh and spent reactor cores.
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GLOSSARY OF TERMS

AHS

ALARA

BFO

BOL

CRAM

DIPS

EOC

EVA

GCR

GPHS

GPHS-RTG

HZE

ICRP

ICRU

LBAD

LEO

MOC

MOD-RTG

NCRP

NEP

= Activated Heat Source (p. 70).

= As Low As Reasonable Achievable radiation protection philosophy

(p. 3).

= Blood Forming Organs such as the red bone marrow (p. 11).

= Beginning Qf Life. BOL conditions were assumed for the operating

reactor source terms (p. 18).

= Common Radiation Analysis Model. This model was employed in the

analysis of the radiation source term for the NERVA-class reactor

(p. 18).

= I2ynamic Isotopic Power _.ystem (p. 70).

= Earth Orbital Capture. The last (Earth-arrival) stage of the _ Mars

mission. The NERVA reactor is employed for the EOC (p. 51).

= Extra-VehicularActivities (p. 12).

= Galactic Cosmic Rays (p. 5).

= General 12urpose Heat Source. The thermal power source employed

with current RTG and DIPS designs (p. 70).

= General l:harpose Heat Source - Radioisotopic Thertmmlectric Generator.

The current United States RTG design (p. 70).

= High Z and Energy. A class of GCR particles (p. 6).

= International Commission on Radiological E_'otection (p. 85).

= International Commission on Radiation Units and Measurements (p. 85).

= lower Bound on Available I_)ose. The LBAD reflects the dose budget

for SSF crew. Both short-term (LBAD-st) and long-term (LBAD-It)

values were developed (p. 11).

= kow Earth Orbit. The SSF was assumed to be in LEO (p. 6).

= Mars _h'bital Capture. The second (Mars-arrival) stage of the NTR

Mars mission. The NERVA reactor is employed for the MOC (p. 51).

= Modular - Radioisotopic Thermoelectric Generator. The advanced

United States RTG design (p. 70).

= National .Council on Radiation _Protection and Measurements. The

NCRP radiation protection guidelines for space activities were employed

in this work (p. 1).

= Nuclear Electric L'l'opulsion (p. 2).
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NERVA

NTR

OSHA

Phoebus

RTG

SAA

SPE

SP-100
SSF

TEl

TMI

= Nuclear Engine for Rocket Vehicle Application, the reactor system

employed for the NTR analyses (p. 2).

= Nuclear Ihermal Rocket (p. 2).

= _,cupational Safety and Health Administration (p. 11).

= The reactor propulsion system assumed for the TMI stage in the NTR

Mars mission analyses (p. 39).

= Radioisotopic Thermoelectric Generator (p. 70).

= South Atlantic Anomaly, a deformation in the Earth's geomagnetic field

(p. 5).

= Solar Particle Events (p. 5).

= The reactor system employed for the NEP analyses (p. 2).

= Space Station Freedom (p. 1).

= Irans Earth Insertion. The third (Mars-departure) stage of the NTR

Mars mission. The NERVA reactor is employed for the TEI (p. 51).

= Irans Mars Insertion. The first (earth-departure) stage of the NTR Mars

mission. The Phoebus reactor is employed for the TMI (p. 25).
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APPENDIX A

SUMMARY OF RADIATION DOSIMETRY QUANTITIES AND UNITS

INTRODUCTION

This appendix briefly defines the two quantities used in radiation dosimetry: the

absorbed dose (D) and the dose equivalent CH). The two are related by the expression H =

QD, where Q is a dimensionless weighting factor. In this report, the general term radiation

"dose" will be used to specify values of dose equivalent.

ABSORBED DOSE

The primary physical quantity used in radiation dosimetry is the absorbed dose (D)

and is defined as the net amount of energy deposited per unit mass of tissue or other

material. Its traditional unit is the rad which is equal to 100 ergs of energy deposited per

gram of material. The S.I. unit of absorbed dose is the gray (Gy) which is equal to one

joule deposited per kilogram of material. Consequently, one Gy is equal to 100 rad.

Absorbed dose can be measured with devices such as thermoluminescent dosimeters (TLD)

or gas ionization chambers. Absorbed doses to internal organs is usually inferred from

radiation transport calculations using mathematical phantoms (see Appendix B).

DOSE EQUIVALENT

Not all types of radiation produce the same amount of biological damage per unit

absorbed dose. In particular, charged particles with high rates of energy loss per unit track

length, such as neutron recoils and low-energy protons, are more effective in producing

biological effects than those with lower rates of energy loss, such as electrons and high-

energy protons. This rate of energy loss is defined as the LET, or linear energy transfer, of

the particle.

To account for the greater biological effectiveness of high-LET radiations, the

quantity dose equivalent (H) is def'med for use in radiation protection:

m

H = QD,
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where D is the absorbeddoseandQ is a dimensionlessweighting parametercalled the

averagequality factor. Thetraditionalunit of doseequivalentis therein andis equalto Q
timestheabsorbeddosein rad. The S.I.unit of doseequivalentis thesievert(Sv) andis

equalto Q timestheabsorveddosein Gy. Consequently,a doseequivalentof oneSv is

equalto 100rem.

For a givenradiationfield andapoint of interestwithin thebody,theaveragequality

factor can be determinedeither by detailed measurementor by radiation transport

calculationsusingtheexpression:

QL DL dL,

whereD is thetotal absorbeddose,DL is theabsorbeddosedeliveredby particlesin the

LET rangeL to L+dL, andQL is thequality factorasafunctionof LET asshownin Figure
A. 1. Note that for low-LET radiations(LET < 3.5 keV/l.tm),Q is alwaysequalto one.

For very high-LET radiations(LET > 175keV/l.tm),Q is alwaysequalto its maximum

valueof 20.

In manysituations,only thetypeof radiationpresentandthetotal absorbeddoseare
known;consequently,singlevaluesof Q may beusedasshownin Table A.1. Recently,

however,severalradiationprotectionorganizations have issued reports recommending that

Q for fast neutrons be increased from 10 to 20 (ICRP 1985, NCRP 1987) or 25 (ICRU

1986). This increased level of conservatism places a greater emphasis on making actual

LET spectral measurements within radiation fields of interest.
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Table A.1 Average Values of Quality Factor for Various Radiations.
[Source: Table 5 of NCRP Report No. 39 (NCRP 1971)]

Radiation Type

X-rays, Gammas, Electrons
Thermal Neutrons

Fast Neutrons

Protons

Alpha Particles

Fission Fragments, Recoil Nuclei

Rounded Quality Factor

1
2

10

10

20

20
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APPENDIX B

FLUENCE-TO-ORGAN DOSE CONVERSION FUNCTIONS

INTRODUCTION

This appendix describes the method by which radiation doses to the blood forming

organs are calculated for both gamma and neutron irradiations. The term "blood forming

organ" is a general term denoting the dose at a depth of 5 cm (NCRP 1989). In this report,

BFO doses are specifically calculated for the red bone marrow.

CALCULATION OF ORGAN DOSES

The calculation of doses to the various organs of the body is greatly facilitated by the

use of organ dose conversion functions (DCF). These functions give the organ dose

delivered per unit radiation fluence as a function of particle energy incident upon the body.

Thus, the dose H to a particular organ T from radiation type R is determined as:

HT,R = dfoErmx
_)R,E (DCF)T,R,E dE,

where _R,E is the total fluence (number of particles incident per unit area) for radiation R

differential with respect to particle energy E, and (DCF)T,R,E is the dose conversion

function for organ T and radiation R.

The radiation source terms _R,E for both operating and shutdown NEP and NTR

reactors are presented in Chapter 4. Organ DCFs used in this report were take from Report

43 of the International Commission on Radiation Units and Measurements (ICRU) (ICRU

1988). These functions were generated from Monte Carlo radiation transport calculations

using detailed mathematical phantoms of the human body (Kramer 1982). ICRU Report

43 graphically displays gamma and neutron dose conversion functions for 12 organs and

five irradiation geometries. The five geometries are (1) a broad parallel beam from front to

back; (2) a broad parallel beam from back to front; (3) a broad parallel beam from the side;

(4) an isotropic field; and (5) a planar isotropic radiation field. This latter field is analogous

to an individual being rotated within a broad parallel beam and is the most appropriate for
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estimatingradiationdosesfrom man-madesourcesin space.TheDCFsgivenin Report 43

for gamma irradiation were taken from Williams et. al 1985; those for neutron irradiation

were taken from Nagarajan et. al 1981.

SELECTED DCFs FOR GAMMAS AND NEUTRONS

Dose conversion functions are given in ICRU Report 43 in the form of discrete

values for 14 gamma energies and 16 neutron energies. These values for the red bone

marrow are given in Tables B. 1 and B.2 for planar isotropic gamma and neutron radiation

fields, respectively. To facilitate the dose calculations in this report, the DCF values for

gamma irradiation were fit to a third-order polynomial of the type:

ln(DCF, t) = a + b ln(Er) + c [ln(Ev)]z + d [ln(F_ff)]3

where a = -26.368453, b = 0.874235, c = -0.0468297, d = 0.00497059,

F_ffis in MeV, and DCF_, is in Sv cm 2.

This function is shown in Figure B. l along with the tabulated values of Table B. 1. The

DCF values for neutron irradiation were fit to a fifth-order polynomial of the type:

ln(DCFn) = a + b ln(En) + c [ln(En)] 2 + d [ln(En)] 3 + e [ln(En)] 4 + f [ln(F_,n)]5

where a = -23.243145, b = 0.968684, c = -0.0472173, d = -0.0327160,

e = -0.00302264, -0.(1000852384, En is in MeV, and DCFn is in Sv cm 2.

This function is displayed in Figure B.2. It is important to note that this functional form is

only valid for neutron energies between 1 eV and 15 MeV; functional values below 1 eV

are greatly overestimated and those above 15 MeV are greatly underestimated.
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Table B.I Gamma Dose to the Red Bone Marrow per Unit Fluence
within a Planar Isotropic Radiation Field.

[Source: Fig. B.6 of ICRU Report 43 (ICRU 1988)]

Gamma Energy Dose per Unit Fluence

(Mev) (Sv cm^2)

2.50E-02

5.00E-02

6.00E-02

7.00E-02

8.00E-02

1.00E-01

1.50E-01
2.00E-01

3.00E-01

5.00E-01

1.00E+00

3.00E+00

6.00E+00

1.00E+01

5.50E-14

1.60E-13

2.00E-13

2.30E-13

2.60E-13

3.30E-13
5.20E- 13

7.00E-13

1.20E- 12

1.90E-12

3.70E- 12

8.50E-12

1.50E- 11

2.20E-11

Table B.2 Neutron Dose to the Red Bone Marrow per Unit Fluence
within a Planar Isotropic Radiation Field.

[Source: Fig. B.33 of ICRU Report 43 (ICRU 1988)]

Neutron Energy Dose per Unit Fluence

(Mev) (Sv cm^2)

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

2.50E-02

5.00E-02

1.00E-01

2.80E-01

5.50E-01

1.00E+00

2.50E+00

5.00E+00

8.00E+00

1.20E+01

1.50E+01

2.90E-

2.70E-

2.50E-

2.40E-

2.70E-

3.40E-

5.50E-

1.00E-11

2.50E-11

5.20E- 11

9.00E-11

1.70E- 10

2.50E-10

3.10E-10

3.70E-10

4.00E- 10

12

12

12

12

12

12

12
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APPENDIX C

DECAY HEAT CALCULATIONS FOR NUCLEAR REACTORS

INTRODUCTION

This appendix is intended to present the range of decay heat models available in the

literature and discuss their advantages and disadvantages. A secondary purpose is to

explain the rationale for selecting the particular model employed in this work. In addition,

the expressions necessary to implement this model for the cases analyzed (i.e. the NTR and

NEP reactors) are developed.

DECAY HEAT MODELS

Immediately after reactor shutdown, the reactor power level is controlled by delayed

neutron emission. The power during this period may be described by the simple

exponential form shown below:

Ps = Po aebl

where 'a' (unitless) and 'b' (time -1) are empirical constants, Po is the operating reactor

power, and Ps is the power of the shutdown reactor. For a typical power reactor, 'a' and

'b' may be taken to be approximately 0.15 and 0.1 sec -1, respectively (Tong and Weisman

1979, Weisman 1977). Since this behavior is only exhibited immediately after reactor

shutdown, its contribution was not included in the analyses reported here.

After a few hours following reactor shutdown the reactor power is controlled by

decay heat, which is primarily due to the radioactive decay of fission products. Gammas

emitted from neutron capture products represent a secondary source of decay heat. The

chief neutron capture products of concern for terrestrial reactors are uranium-239 (U-239)

and neptunium-239 (Np-239), which result from neutron capture in U-238. This will not

be of importance for most space reactor designs since their fuels are typically highly

enriched in U-235 and thus contain only a small amount of U-238. Reactor structural and

control materials, which are considered to be of only minor importance in terrestrial power
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reactors, are usually the primary source of neutron capture products for most space

reactors.

A large number of relatively simple empirical models for post-shutdown decay heat

and gamma source terms have been developed and reported in the literature. These are

discusses briefly in the following paragraphs.

The fn'st class of decay heat models can be illustrated by the relationship shown

below (E1-Wakil 1971):

Ps Itp--_ = Ats B 1-1 ts]

where A, B, and C are empirical constants, to is the length of time the reactor has been

operated, and ts is the reactor shutdown time. As before, Po is the operating reactor power

and Ps is the power of the shutdown reactor. EI-Wakil (1971) gives these constants as

0.095, 0.26, and 0.2, respectively, for time given in seconds. The bracketed term in this

expression accounts for the effect of f'mite reactor operation times; as this time approaches

infinity, the bracketed term goes to unity. Similar expressions are also presented in ANL

(1963), in this case the decay power due to gamma and beta emission are given separately

and the contributions from various gamma energy groups are illustrated. It should be noted

that much of the experimental work providing the foundations for these expressions was

performed from the late 1940s through early 1960s. These expressions, while their

simplicity is attractive, have been reported to be in error by factors greater than 2 for times

in excess of a few hours (England et al. 1975).

Recently, a more accurate class of decay heat models has been developed, evaluated,

and verified. These models are based on modern experimental data evaluations and employ

sums of exponentials to provide a better empirical fit. An example of this type of model is

shown below (Chilton et al. 1984):

Nk

fk(tf) = _ 0tjk e'_'jk`

j=l
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where fk is the energy release rate per fission for gammas (or betas) in energy group k

(MeV/fission/sec), tf is the time since the fission event of interest occurred, and ajk and 7tjk

are empirical constants for energy group k. Various number of decay gamma or beta

energy groups have been employed by different investigators. LaBauve et al. (1982) report

formulating values for 22, 11, and 6 groups; both LaBauve et al. (1982) and ANS/ANSI

(1979) give coefficient sets for a single energy group correlation. N k is simply the number

of terms used to construct the fit. LaBauve et al. (1982) employ 11 terms in their single

energy group models and between 9 to 15 coefficients for their 6 energy group

expressions; the ANS/ANSI (1979) model makes use of 23 terms in their single energy

group model.

In the case where all contributions are lumped into a single energy group, the

expression given above reduces to:

N

f(tf) = _._ otje-_'Jt

j=l

Integrating with respect to both reactor operating and shutdown time yields the gamma

energy release rate at the shutdown time of interest. This is discussed in more detail in the

following section.

Lastly, it should be noted that a number of detailed computer codes have been

developed which are capable of yielding decay heat source terms. The ORIGEN code

(Croff 1973), which has been upgraded to the ORIGEN2 version (Croff 1980, Croft 1983

and RSIC 1987), is the best known and most widely utilized. The ORIGEN code series

has been extensively verified and is considered a standard for this type of calculation. The

CINDER code series (England et al. 1976) can also be used for this purpose. Schenter et

al. (1977) provide a discussion and comparison of many of these codes; LaBauve et al.

(1982) provide a short listing as well. The main advantage to employing these codes is

accuracy. The simple empirical expressions given above were developed using data from

terrestrial power reactors and thus will not be as accurate when applied to space reactors

which employ different materials and operating conditions. Another advantage to this type

of code is that neutron capture and activation effects are explicitly accounted for in the code

predictions, although empirical correction factors to account for these phenomena have

been developed.
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SELECTION AND IMPLEMENTATION OF A DECAY HEAT MODEL

As discussed above, isotope generation and depletion codes such as ORIGEN2 yield

the most accurate estimate of the decay gamma and heat source terms. However, to

implement these codes requires a good knowledge of the reactor material composition and

neutron flux. Since these were not readily available and the project was subject to time

constraints, it was judged acceptable to employ one of the empirical exponential

summation decay heat models. As noted above, the very simple decay models are not

sufficiently accurate for this work. Only the decay gamma source was of interest since the

betas will be absorbed within the reactor and the corresponding bremsstrahlung

contribution is small compared to the decay gamma source strength.

As discussed in the section above, the gamma energy release rate per fission

(MeV/fission/sec) can be expressed as:

f(tf)

N

= X _j e- kit

j=l

where, as before, tf is the time since the fission event occurred, and cxjand Xj are empirical

constants. Multiplying this expression by the operating fission rate yields the total

shutdown gamma energy release rate; the operating fission rate can be expressed as the

reactor power divided by the recoverable energy per fission. The gamma energy release

rate per unit time of reactor operation, F(tf) (in MeV/sec2), can then be written as:

N

F,t , xojo Jt
j=l

where Po is the operating power in MeWs and E r is the recoverable energy per fission event

in MeV/fission. Assuming a constant reactor power, this expression may be integrated

with respect to operating time, to , to yield the total gamma energy release rate, or power, at

some shutdown time, t s, as shown below:

j=l .It_ j=l
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There are alternate periods of full and reduced power operation in the Mars mission

scenarios employed in this work; each period of operation (mission phase) is treated

separately and the source terms are summed to compute a total source. Denoting the

operating power, operating time, and corresponding shutdown time (i.e. time since that

mission phase ended) for each phase with the subscript 'm' and summing over all mission

phases yields the total gamma power after reactor shutdown:

P_,(ts) = / Er ] -_J(1-e- e-
m=l j=l

where M is the total number of mission phases. The procedure employed to compute the

shutdown gamma dose using this shutdown gamma power expression is discussed in

Chapter 6 of this report.

The expression given above can be integrated with respect to exposure time, te, to

compute the total gamma energy released during a given exposure period:

j=l _,j

1- e-_.jto.) e- _'Jt'dl - e" _.jt.)

As discussed in the preceding section, there are multiple coefficient sets (_j,Xj)

available that could be employed with the expressions developed above. For the purposes

of this work, the single-energy group reported by LaBauve et al. (1982) and given in Table

C. 1 was employed.
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Table C.1 Empirical Constant Set Employed for Gamma Source Term.

Coefficient

Index _j)

1

2

3

4
5

6

7

8

9

10
11

Alpha l.atrda

(unitless) (1/sec)

2.808E- 11

6.038E-10

3.227E-08

4.055E-07

8.439E-06

2.421E-04

1.792E-03

2.810E-02

1.516E-01

4.162E-01

1.053E-01

7.332E-10

4.335E-08

1.932E-07

1.658E-06

2.147E-05

2.128E-04

1.915E-03

1.769E-02

1.652E-01

1.266E+00

5.222E+00

99



APPENDIX D

FORTRAN PROGRAMS FOR CALCULATING VEHICLE TRAJECTORIES

NEPTRA.I.FOR

C

C

C

C

C

C
C

C

C

NEPTRAJ.FOR

THIS PROGRAM CALCULATES THE COORDINATES OF A MARS-MISSION

NEP CARGO VEHICLE SPIRALLING OUTWARD FROM THE SAME ORBIT AS

THE SPACE STATION.

INITIALIZE ************************************************

IMPLICIT REAL*8 (A-H,O-Z)

PARAMETER (MXPARM=50, NEQ=5)

PARAMETER (PI=3.141592654, R EARTH=6378150.0)

DIMENSION PARAM(MXPARM), Y(NEQ)

INTRINSIC FLOAT

EXTERNAL FCN, IVPRK, SSET, UMACH

CALL UMACH (-2, 9)

OPEN (UNIT=9, FILE= 'NEPTRAJ.DAT ',STATUS= 'NEW' )

SET INITIAL VALUES *****************************************

NORMALIZE RADIUS AND MASS

Y1 ffiradial velocity

Y2 = anglar velocity

Y3 = radius from center of earth

Y4 ffiphi - the polar angle

Y5 = mass of vehicle

R = R EARTH + 450000.0

M = 897700.0

VRffi 0.0

OMEGA = I.I1899E-3

T= 0.0

Y(1) = VR

Y(2) ffiOMEGA

Y(3) = R

Y(4) = 0.0

Y(5) - M

WRITE (9, 50) T, Y (3), Y (4)

TOL = 0.0001

SET IVPRK PARAMETERS

CALL DSET (MXPARM, 0.0, PARAM, i)

PARAM(2) ffi1.0e-4

PARAM(3) = 3600.0

PARAM(10) = 2.0

PARAM(4) = i00000.0
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C

C

C

C

I00

C

C

C

C

5O

C

C

C

C

C

C

C

C

C

C

C

C

C

IDO = 1

SHORT TIME-STEP FOR 0 < T < 30 DAYS

DO i00 ISTEP= 60, 2592000, 60

TEND= FLOAT(ISTEP)

CALL DIVPRK (IDO, NEQ, FCN, T, TEND, TOL, PARAM, Y)

WRITE(9,50)T,Y(3),Y(4)

CONTINUE

QUIT IMSL, DELETE WORK SPACE, ********************************

IDO=3

CALL DIVPRK (IDO, NEQ, FCN, T, TEND, TOL, PARAM, Y)

CLOSE (UNIT=9)

FORMAT (IX, 3 (IPD20.13, 2X) )

END

SUBROUTINE FCN (NEQ, T, Y, YPRIME)

IMPLICIT REAL*8 (A-H,O-Z)

REAL*8 MU, IMPULSE, M

DIMENSION Y(NEQ), YPRIME(NEQ)

IMPULSE = 5000.0

VJ = 9.80665 * IMPULSE

MU z 3.98619E14

BETA = 0.00280752

Y1 = radial velocity

Y2 = anglar velocity

Y3 = radius from center of earth

Y4 = phi - the polar angle

Y5 = mass of vehicle

YPRIME(1) = -MU/ (Y(3)*'2.0) + Y(2)**2.0*Y(3)

YPRIME(2) = -2*Y(1)*Y(2)/ Y(3) + VJ*BETA/ Y(5)

& / Y(3)

YPRIME(3) = Y(1)

YPRIME(4) = Y(2)

YPRIME(5) = -BETA

RETURN

END
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NEPDOSE.FOR

C

C

C

C

C

C

C

C

C

C

C

C

C

I0

C

C

C

C

C

C

i00

C

C

C

C

NEPDOSE.FOR

THIS PROGRAM READS THE TRAJECTORY DATA FOR THE NEP VEHICLE

AND CALCULATES SEPARATION DISTANCE BETWEEN IT AND SFF.

IMPLICIT REAL*8(A-H,O-Z)

PARAMETER (PI=3.141592654, R EARTH = 6378150.0)

CHARACTER*I LAG

DIMENSION TIME(0:43500),R_NEP(0:43500),PHI_NEP(0:43500)

INITIALIZE PARAMETERS FOR DOSE CALCULATION

OPER DR = 385.72

R SS = R EARTH + 450000.0
O_EGA = Y.II899E-3

t (Sv/s @ ira)

READ NEP TRAJECTORY DATA

OPEN (UNIT=9, FILE = 'NEPTRAJ. DAT ',STATUS= 'OLD ')

DO i0 I=0,43200

READ (9, *) TIME (I), R_NEP (I), PHI_NEP (I)
CONTINUE

CLOSE (UNIT=9)

READ VALUES OF INITIAL SEPARATION AT LAUNCH

READ(5,*)SDINIT, SDFINAL, DELSD

READ(5,1000)LAG i_ FOR SSF LAGGING, + FOR SSF LEADING

SDINIT z SDINIT * 1000.

SDFINAL = SDFINAL * i000.

DELSD = DELSD * 1000.

BEGIN LOOP FOR DIFFERENT INITIAL SEPARATIONS

SEPDIST = SDINIT

PHI0 = DACOS(-(SEPDIST**2 - 2*R__SS**2) / (2.0*R SS*'2))
DI 2 = SEPDIST**2

CUM DOSE z 0.0

ALT NEP = (R_NEP(0) -R EARTH) / I000.
REV NEP = PHI NEP(0) / _2*PI)

REV SS = 0.0

SD = SEPDIST / I000.

IF (LAG.EQ. '-' )WRITE (6, ii00) SD

IF (LAG.EQ. '+' )WRITE (6, 1200) SD

WRITE (6, 1300)

WRITE (6, 1400) TIME (0), ALT NEP, REV_NEP, REV_ SS, SD, CUM_DOSE

PRINTOUT EVERY MINUTE FOR MINUTES 0 - 120

DO 300 I=1,120

IF (LAG.EQ. '-' )THEN

PHI SS = OMEGA * TIME(I) - PHI0
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300

C

C

C

400

500

C

C

C

ELSE

PHI SS = OMEGA * TIME(I) + PHI0

ENDIF

DELX = (R SS*DCOS(PHI_SS) ) - (R_NEP(I)*DCOS(PHI_NEP(I)))

DELY = (R_SS*DSIN(PHI_SS)) - (R_NEP(I)*DSIN(PHI_NEP(I)) )
DF 2 = DELX**2 + DELY**2

D_2 = (DF_2 + DI 2)/2.0

D INCR = (OPER DR/D 2) * 60.0

CUM DOSE = CUM DOSE + D INCR

DI 2 = DF 2

CONTINUE --

ITM = I

ALT_NEP = (R__NEP (ITM) - R_EARTH) / i000.

REV NEP = PHI NEP(ITM) / (2*PI)

REV SS = PHI SS / (2*PI)

SD -- DSQRT(DL2) / 1000.

TM = TIME(ITM) / 3600.

WRITE (6, 1400 )TM, ALT_NEP, REV__NEP, REV__SS, SD, CUM_DOSE
CONTINUE

PRINTOUT EVERY HOUR FOR HOURS 3 - 48

DO 500 J=3,48

DO 400 I=(60"J-59) , (60*J)

IF (LAG.EQ. '-' )THEN

PHI SS = OMEGA * TIME(I) - PHI0

ELSE

PHI SS = OMEGA * TIME(I) + PHI0

ENDIF

DELX = (R_SS*DCOS(PHI_SS)) - (R_NEP(I)*DCOS(PHI_NEP(I)))

DELY = (R_SS*DSIN(PHI_SS)) - (R_NEP(I)*DSIN(PHI_NEP(I)))
DF 2 = DELX**2 + DELY**2

D_2 = (DF_2 + DI_2)/2.0

D_INCR -- (OPER_DR/D__2) * 60.0

CUM DOSE = CUM DOSE + D INCR

DI 2= DE 2 --

CONTINUE

ITM = J*60

ALT NEP = (R_NEP (ITM) - R_EARTH) / I000.
REV NEP = PHI NEP(ITM) / (2*PI)

REV--SS = PHI SS / (2*PI)

SD ----DSQRT(DF 2) / I000.

TM = TIME(ITM) / 3600.

WRITE (6, 1400 )TM, ALT_NEP, REV_NEP, REV_SS, SD, CUM_DOSE
CONTINUE

PRINTOUT EVERY DAY FOR DAYS 3 - 30

DO 700 J=3,30

DO 600 I=(1440"J-1439) , (1440"J)

IF (LAG.EQ. '-' )THEN

PHI SS = OMEGA * TIME(I) - PHI0

ELSE

PHI SS = OMEGA * TIME(I) + PHI0

ENDIF

DELX -- (R__SS*DCOS(PHI_SS)) - (R_NEP(I)*DCOS(PHI_NEP(I)))

DELY = (R_SS*DSIN(PHI_SS)) - (R_NEP(I)*DSIN(PHI_NEP(I)))
DF 2 = DELX**2 + DELY**2
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600

700

C

C

I000

II00

1200

1300

1400

C

D 2 = (DF_2 + DI 2)/2.0

D--INCR = (OPER_DR/D_2) * 60.0

CUM DOSE = CUM DOSE + D INCR

DI 2 = DF 2

CONTYNUE --
ITM = J*1440

ALT_NEP = (R__NEP (ITM) - R_EARTH) / i000.
REV NEP = PHI NEP(ITM) / (2*PI)

REV SS = PHI SS / (2*PI)

SD -- DSQRT(DF__2) / 1000.

TM = TIME(ITM) / 3600.

WRITE(6,1400)TM, ALT_NEP,REV_NEP,REV_SS,SD,CUM_DOSE

CONTINUE

SEPDIST = SEPDIST + DELSD

IF(SEPDIST.LE.SDFINAL)THEN

GO TO 100

ELSE

STOP

ENDIF

FORMAT(A1)

FORMAT(/IX,'INITIAL SEPARATION DISTANCE: ',F6.1,' km'/

$ IX,'(SSF LAGGING THE NEP VEHICLE)'/)

FORMAT(/IX,'INITIAL SEPARATION DISTANCE: ',F6.1, ' km'/

$ iX,' (SSF LEADING THE NEP VEHICLE)'/)

FORMAT (/IX, ' TIME (hr) ',4X, 'ALT (km) ',4X, 'REV_NEP',5X, 'REV_SS',

$ 6X, 'SEP DIST',3X, 'DOSE (Sv) '/IX,52X, ' (km) '/)

FORMAT (IX, 6 (IPEII. 4, IX) )

END
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NTRTRA.I.FOR

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

NTRTRAJ. FOR

THIS PROGRAM CALCULATES THE COORDINATES OF A MARS-MISSION

NTR CARGO VEHICLE SPIRALLING OUTWARD FROM THE SAME ORBIT AS

THE SPACE STATION.

INITIALIZE ************************************************

IMPLICIT REAL*8 (A-H,O-Z)

PARAMETER (MXPARM=50, NEQ=5)

PARAMETER (PI=3.141592654, R EARTH=6378150.0)

DIMENSION PARAM(MXPARM), Y(NEQ)

INTRINSIC FLOAT

EXTERNAL FCN, IVPRK, SSET, UMACH

CALL UMACH(-2,9)

OPEN(UNIT=9,FILE='NTRTRAJ.DAT',STATUS='NEW ')

SET INITIAL VALUES *****************************************

NORMALIZE RADIUS AND MASS

Y1 = radial velocity

Y2 = anglar velocity

Y3 = radius from center of earth

Y4 = phi - the polar angle

Y5 = mass of vehicle

R = R EARTH + 450000.0

M = 456000.0

VR= 0.0

OMEGA = I.I1899E-3

T= 0.0

X(1) = VR

Y(2) = OMEGA

Y(3) = R

Y(4) = 0.0

Y(5) = M

WRITE (9, 50) T, Y (3), Y (4)

TOL = 0.0001

SET IVPRK PARAMETERS

CALL DSET (MXPARM, 0.0, PARAM, i)

PARAM(2) = 1.0e-4

PARAM(3) = 3600.0

PARAM(10) = 2.0

PARAM(4) = i00000.0

IDO = 1
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i00

C

C

C

C

5O

C

C

C

C

C

C

C

C

C

C

C

SHORT TIME-STEP FOR 0 < T < 23 MINUTES

DO i00 ISTEP = 60, 1380, 60

TEND= FLOAT(ISTEP)

CALL DIVPRK (IDO, NEQ, FCN, T, TEND, TOL, PARAM, Y)

WRITE(9,50)T,Y(3),Y(4)

CONTINUE

QUIT IMSL, DELETE WORK SPACE, ********************************

IDO=3

CALL DIVPRK (IDO, NEQ, FCN, T, TEND, TOL, PARAM, Y)

CLOSE (UNIT=9)

FORMAT (IX, 3 (IPD20.13, 2X) )

END

SET UP EQUATIONS**********************************************

SUBROUTINE FCN (NEQ, T, Y, YPRIME)

IMPLICIT REAL*8 (A-H,O-Z)

REAL*8 MU, IMPULSE, M

DIMENSION Y(NEQ), YPRIME (NEQ)

IMPULSE = 900.0

VJ = 9.80665 * IMPULSE

MU = 3.98619E14

BETA = 126.0

Y1 = radial velocity

Y2 = anglar velocity

Y3 = radius from center of earth

Y4 = phi - the polar angle

Y5 = mass of vehicle

YPRIME(1) = -MU/(Y(3)**2.0) + Y(2)**2.0*Y(3)

YPRIME(2) = -2*Y(1)*Y(2)/ Y(3) + VJ*BETA/ Y(5)

& / Y(3)

YPRIME(3) = Y(1)

YPRIME(4) = Y(2)

YPRIME (5) = -BETA

RETURN

END
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NTRDOSE.FOR

C

C

C

C

C

C

C

C

C

C

C

C

C

i0

C

C

C

I00

C

C

C

NTRDOSE.FOR

THIS PROGRAM READS THE TRAJECTORY DATA FOR THE NTR VEHICLE

AND CALCULATES SEPARATION DISTANCE BETWEEN IT AND SFF.

IMPLICIT REAL*8(A-H,O-Z)

PARAMETER (PI=3.141592654, R EARTH = 6378150.0)

CHARACTER* 1 LAG

DIMENSION TIME(0:25),R NTR(0:25),PHI NTR(0:25)

INITIALIZE PARAMETERS FOR DOSE CALCULATION

OPER DR = 225714.0

R SS = R EARTH + 450000.0

OMEGA = Y.II899E-3

! (Sv/s @ Im)

READ NTR TRAJECTORY DATA

OPEN(UNIT=9,FILE='NTRTRAJ.DAT',STATUS='OLD')

DO I0 I=0,23

READ (9, *) TIME (I), R_NTR (I), PHI_NTR (I)
CONTINUE

CLOSE(UNIT=9)

READ VALUES OF INITIAL SEPARATION AT LAUNCH

READ(5,*)SDINIT,SDFINAL, DELSD

READ(5,1000)LAG '- FOR SSF LAGGING, + FOR SSF LEADING

SDINIT = SDINIT * 1000.

SDFINAL = SDFINAL * i000.

DELSD = DELSD * 1000.

BEGIN LOOP FOR DIFFERENT INITIAL SEPARATIONS

SEPDIST = SDINIT

PHI0 = DACOS(-(SEPDIST**2 - 2"R_SS*'2) / (2.0"R__SS*'2))
DI 2 = SEPDIST**2

CUM DOSE = 0.0

ALT_NTR = (R_NTR(0) -R_EARTH) / I000.

REV_NTR--PHI_NTR(0) / (2*PI)

REV SS = 0.0

SD = SEPDIST / i000.

IF (LAG.EQ. '-' )WRITE (6, 1100) SD

IF(LAG.EQ.'+')WRITE(6,1200)SD

WRITE (6, 1300)

WRITE (6, 1400) TIME (0), ALT_NTR, REV_NTR, REV_SS, SD, CUM_DOSE

PRINTOUT EVERY MINUTE FOR MINUTES 0 - 23

DO 300 I-I,23

IF(LAG.EQ.'-')THEN

PHI SS = OMEGA * TIME(I) - PHI0
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300

C

C

i000

II00

1200

1300

1400

C

ELSE

PHI SS = OMEGA * TIME(I) + PHI0

ENDIF

DELX = (R__SS*DCOS (PHI_SS)) - (R_NTR(I) *DCOS (PHI_NTR(I)) )

DELY = (R__SS*DSIN(PHI_SS)) - (R_NTR(I)*DSIN(PHI_NTR(I)))
DF 2 _ DELX**2 + DELY**2

D 2 = (DF_2 + DI 2)/2.0

D--INCR = (OPER_DR/D_2) * 60.0

CUM DOSE = CUM DOSE + D INCR

DI 2 = DE 2

CO TYNUE -
ITM = I

ALT__NTR = (R NTR(ITM) - R_EARTH) / i000.

REV_NTR = PHI_NTR(ITM) / (2*PI)

REV SS = PHI SS / (2*PI)

SD _ DSQRT(DF__2) / I000.

TM = TIME(ITM) / 3600.

WRITE(6,1400)TM, ALTNTR, REV__NTR, REV__SS,SD,CUM_DOSE

CONTINUE

SEPDIST = SEPDIST + DELSD

IF(SEPDIST.LE.SDFINAL)THEN

GO TO i00

ELSE

STOP

ENDIF

FORMAT (AI)

FORMAT(/IX, 'INITIAL SEPARATION DISTANCE: ',F6.1, ' km'/

$ iX, ' (SSF LAGGING THE NTR VEHICLE) '/)

FORMAT(/IX, 'INITIAL SEPARATION DISTANCE: ',F6.1, ' km'/

$ IX, ' (SSF LEADING THE NTR VEHICLE) '/)

FORMAT(/IX, ' TIME (hr) ',4X, 'ALT (km) ',4X, 'REV_NTR',5X, 'REV__SS',

$ 6X, 'SEP DIST',3X,'DOSE (Sv) '/IX, 52X, ' (kin) '/)

FORMAT (IX, 6 (IPEII .4, IX) )

END
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